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ABSTRACT 
 
 Copper(I) chloride, iodide, and bromide were reacted with aliphatic diamine 
ligands (L) piperazine (Pip), N-methylpiperazine (MePip), N,N'-dimethylpiperazine 
(Me2Pip), N-ethylpiperazine (EtPip), N,N'-diethylpiperazine (Et2Pip), 1,4-
diazabicyclo[2.2.2]octane (DABCO), and hexamethylenetetramine (HMTA) via open 
solvent reflux. Parallel reactions were performed under solventothermal conditions. 
Reflux reactions produced complexes (CuI)2L for L = Pip, MePip, Me2Pip, EtPip, Et2Pip, 
HMTA and (CuI)4L for L = HMTA. Reflux reactions also produced (CuBr)2L for L = 
Pip, Me2Pip, EtPip, Et2Pip, DABCO, HMTA and (CuBr)4L for L = HMTA. Also 
produced were [Cu2Cl4](H2Pip), a second phase [Cu2Cl4](H2Pip), [Cu3Cl5](H2MePip), 
[Cu4Cl6](H2Me2Pip), (CuI)4(DABCO)2, and (CuBr)4(MePip)2. X-ray structures are 
presented for [Cu2Cl4](H2Pip), a second phase [Cu2Cl4](H2Pip), [Cu3Cl5](H2MePip), 
[Cu4Cl6](H2Me2Pip), (CuI)2(Pip), (CuI)2(Et2Pip), (CuI)2(Et2Pip), (CuI)4(DABCO)2, 
(CuBr)4(MePip)2, and (CuBr)2(Me2Pip). These structures show certain trends including 
cubane node formations, Cu···Cu interactions at less than van der Waals distances, and 
microporous structure. Luminescence behavior was recorded for reflux products. 
Networks with CuI, particularly (CuI)2(Me2Pip), (CuI)2(Et2Pip) and (CuI)4(DABCO)2, 
showed strong luminescence.  
 
 1 
Introduction 
 
 Metal-Organic Networks. Metal-organic networks are defined by metal atoms, 
or metal clusters, that self-assemble into repeating units otherwise known as polymeric 
structures. These metal centers can be linked together via ligands producing a wide array 
of porous frameworks. The organic and/or ionic ligands coordinate to the metal by 
formally donating electrons to the metal. Metal-organics, as described above, has been an 
emerging field of transition metal chemistry since the early 1990s.1 Since then, structures 
have been reported in the forms of 1D chains, 2D sheets, and intricate 3D nets.2 
Depending upon the metal and ligand chosen, these networks can have highly diverse 
geometric and physical properties. Sometimes multiple networks have been found to be 
independent but interpenetrating, highlighting the importance of network porosity.2 
Others have been found to be highly photoactive.3  The focus of this paper will be the 
coordination of ligands with two or more nitrogen atoms capable of donating electrons to 
the metal centers. Refer to Chart 1.0 for a complete illustration of organic ligands used 
in this study. Metal-ligand coordination occurs through the ligand acting as a Lewis base, 
and the metal center acting as a Lewis acid.4 The ligands used in this study were chosen 
for their bridging, rather than chelating, behavior. Bridging ligands have geometrically 
separated electron pairs, which prevents the ligands from chelating. Chelation, on the 
other hand, occurs when the ligands donate their electron pairs to a single metal center. 
Chelating ligands result in the formation of molecular species rather than networks. 
There has been considerable interest in transitional-metal complexes for their 
potential application as sensors, light emitting diodes, and catalysts.5 Significant 
 2 
investigation has also been carried out in the area of hybrid porous networks for their 
potential ability to separate gases and for their electronic properties.6 From a broader 
perspective, the study of metal-organic networks continues to be an on-going process due 
to the paucity of understanding concerning how such networks self-assemble. The 
motivation behind much of this research is to one day intentionally design a network with 
desired spatial and physical properties.  
Chart 1.0: Diamine bridging ligands (L) used in this study. 
 
 
 3 
 Copper(I) Networks.    The purpose of this paper is to present the structural and 
photophysical characteristics of several novel multinuclear copper(I) complexes. Copper 
has attracted considerable interest due to its magnetic properties, oxidation states, 
photoluminescence, and novel structural features.7 Common copper oxidation states 
include +1, +2, and mixed valence states;  Cu-Cu bonds are also well known.8 With the 
focus of the paper on the +1 oxidation state, copper (I) halide complexes typically form 
clusters that can range from mono- to polynuclear. Halide ions have the ability to bridge 
diamagnetic metal ions. Common arrangements, displayed in Chart 1.1, include the 
dimeric, and tetranuclear cuprous halide structures.9 Structures I-V, however, do not 
include bidentate organic ligands which can interact and expand the networks. By 
changing the halide (X), ligand (L) and their respective ratios to Cu, CumXnLz, networks 
can exhibit an assortment of networks, stabilities, and luminescent properties. These 
varied properties can be partly assigned to copper’s electronic configuration [Ar]3d10. 
The filled d10 subshell and relatively small size of Cu(I) limits the coordination number to 
two, three, or four. This behavior stands in sharp contrast to that of Cu(II) and the earlier 
transition metals, which readily have coordination numbers of 5 or higher. The principles 
of valence shell electron pair repulsion theory limits Cu to linear, trigonal, or tetrahedral 
coordination geometries. The two types of bonding between Cu and ligands are the σ-
bond, which occurs between a lone pair of electrons on the ligand and an empty σ-
bonding orbital of the same symmetry on the Cu atom. The weaker secondary π-bond 
forms between an occupied d-orbital on Cu and a symmetry-matched unoccupied orbital 
on the ligand. This phenomenon is known as π-backbonding. The strength of this bond 
 4 
depends on the ligand, happening to a greater extent with ligands with low energy 
LUMOs.  Backbonding strengthens the bond between the metal and the ligand.10 
Copper(I) networks have a number of practical applications. Some of these 
include catalytic behavior during the shape-specific cyanosilylation of aldehydes in 
addition to the gas adsorption, separation and storage of H2, CO2, CH4, and O2.7 There 
has been recent societal pressure on improving environmental friendliness in chemical 
process. Gas separation using copper(I) networks might help limit pollution and lessen 
energy demands that face global communities. In addition, the photophysics of copper(I) 
complexes continue to attract attention due to the uncertainties that remain in assignment 
of the relevant emitting excited states.11 The luminescent properties that these complexes 
show could lead to a number of applications including the production of UV detection 
sensors, and the potential for artificial photosynthesis.3 Skin cancer continues to be an 
international health issue and the depletion of ozone contributes to the problem. 
Copper(I) complexes that absorb UV radiation and emit within the visible spectrum could 
be used as detection systems to alert people of their exposure to these harmful rays.  
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Chart 1.1: Examples of polymeric copper(I) polyhalide species. 
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 Copper(I) Chloride Networks. In this study, copper(II) chloride was 
dissolved into aqueous solution and then reduced to copper(I) with hydroxylamine. The 
resulting anionic lattices were charge-balanced with protonated diamine ligands, 
producing the final metal-organic frameworks. Transition metals readily form metallates, 
and d10 metals in particular are known to produce polymeric polyhalides.  These networks 
can vary in geometrical formations and porosity as exemplified above in Chart 1.1. It is 
important to note that the structures above differ in available dead space. These voids are 
 6 
the likely areas to house guest molecules and/or counter ions. Previous studies with 
halide ions have shown that having the bridging ligand balance the positive charge of the 
Cu+ ion solves the problem of having counter ions fill the pores of the network. However, 
anionic lattices incorporate cationic counter ions which themselves may act as pore-
fillers. Also of concern is that the use of copper(I) chloride leaves these complexes to be 
readily oxidized under the exposure of air or sunlight.  
Condensed chloride units have been reported for some time and exhibit no terminal 
ligation; these building blocks form into complex chain structures with an open 
framework pore system.12 Polyanion chain structures can have complex inner and outer 
bridging, while other structures may form the simpler repeating dimer formation, Cu2X2. 
However, with only three cases reported, the formation of 2D halocuprate networks is 
very rare. In addition, there are no known 3D halocuprates.  An example of the repeating 
chain structure is [Cu2Cl4](H2Pip) (1A) reported in this thesis is shown in Figure 1.1. 
There is a second isomer, 1B, which has a more complicated spatial arrangement caused 
by a higher ratio of Pip in the reaction. These structures will be discussed further in the 
results and discussion. Other copper (I) chloride complexes have been reported by 
Mykhalichko, Anderson, Asplund and others as shown in Figure 1.2.13-15  
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Figure 1.1: X-ray crystal structure of Cu2Cl4(H2Pip) Cu = orange, C = gray, N = blue, Cl 
= green (color scheme used throughout this thesis). 
 
Figure 1.2: X-ray crystal structure of Cu4Cl7(Py)2, Py = pyridine (C5H5N). 
 
 Copper(I) bromide networks. Copper(I) bromide networks share many 
characteristics with their chloride analogs. Unfortunately, they too are susceptible to 
oxidation when exposed to air or sunlight but tend to show significantly more stability 
than their copper(I) chloride counterparts. The oxidation change becomes easily 
noticeable when the powder or crystalline product gradually turns a greenish hue, 
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indicating the presence of Cu2+. The polyhalide species illustrated in Chart 1.1 also 
apply to copper(I) bromide lattices. However, in the current study the diamine ligands 
remain neutral through the coordination process. This results in both a neutral metal-
halide network and coordinated ligands. There have been many reported copper(I) 
bromide structures by Kursheva and others which were primarily produced under 
solventothermal conditions.8,16 Observed structures included a common tetrameric 
“cubane” conformation as shown in Scheme 1.0. However, more complex 2D networks 
have also been formed and reported by Willet and others as demonstrated with 
(C5H7N2O)Cu3Br4 in Figure 1.3.17 This template synthesis of a 2D copper(I) bromide 
lattice produced a novel structure and new µ4-geometry for one of the bridging bromide 
ions. The network is built of a 2D hexagonal CuBr lattice, and 1D CuBr2– arrays that lie 
alternately on opposite sides of the hexagonal sheet. The combination of the lattice and 
arrays achieves tetrahedral geometry for each Cu+ ion.  Finally, the novel µ4-geometry 
describes an “umbrella” formation for only one Br. The bromide essentially is in trigonal 
pyramid geometry, coordinated to three Cu atoms, with an extra coordinated Cu atom 
below the plane of the other three coordinated Cu atoms. To help visualize this geometry, 
please refer to Scheme 1.1. The stabilization of this novel formation has been studied and 
it was found that the “umbrella” structure is less stable than the traditional tetrahedral 
geometry.17 In this thesis two novel copper(I) bromide networks will be reported.  Both 
networks exhibit interesting spatial arrangements, and were produced under 
solventothermal conditions. Analogous reflux reactions of the copper(I) bromide 
networks produced ambiguous materials, giving poor thermogravimetric analysis (TGA) 
decomposition results and carbon, hydrogen, and nitrogen analyses.  
 9 
Figure 1.3: X-ray crystal structure of (3-aminopyridinium) tetrabromotricuprate(I), 
(C5H7N2O)Cu3Br4  A) View along b-axis. B) View along a-axis (Br = brown, O = red). 
Hydrogen atoms omitted for clarity. 
A)  
 
B) 
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 Scheme 1.0: Illustration of tetrameric “cubane” formation.  
 
Scheme 1.1: A) Traditional µ3-geometry. B) Novel µ4-geometry for single bromide in 
(C5H7N2O)Cu3Br4. 
 
 Copper(I) iodide networks.  Upon coordination to a metal center, a ligand’s 
properties are often significantly altered. This can influence network reactivity, acidity, 
nucleophilic character, and susceptibility to oxidation and reduction. In this study, 
copper(I) iodide complexes have shown more resistance to oxidation in the presence of 
visible light or air in comparison to the other networks discussed above. Copper(I) is 
regarded as a soft species, which simply means its electron field is larger and more 
polarizable compared to other ions.  Hard species have a smaller electron field and are 
less polarizable. Iodide also has a larger and more polarizable electron field, which is 
main reason that copper(I) iodide networks have enhanced stability in comparison to 
 11 
copper(I) chloride, and copper(I) bromide complexes. Another omnipresent feature of 
polymeric copper(I) halides is the existence of sharp Cu–X–Cu bond angles. This can 
lead to the presence of Cu····Cu interactions. These interactions typically range 2.6–2.8 
Å, with the shorter contacts commonly occurring with X = I–.18   
In addition, some copper(I) iodide complexes have been found to be extremely 
luminescent. Two of those compounds [Cu4I4(DABCO)2] and [Cu2I2(Pip)] have been 
structurally characterized by Xu, Feng and others,18,20 respectively, and will also be 
analyzed in this paper. The presentation of Cu4I4(DABCO)2 in Figure 1.4 demonstrates a 
3D copper(I) iodide network coordinated to DABCO. This compound does not display a 
diamondoid net, but rather has several six-membered rings and an unusual planar six-
membered ring. The luminescence of this compound will be discussed later in the thesis. 
Figure 1.5, the X-ray structure of [Cu2I2(Pip)], shows another 3D network that is formed 
by Cu2I2 chains, with bridging piperazine ligands. This thesis will present these structures 
in more detail, in addition to two novel copper(I) iodide networks. Each shows interesting 
structural and luminescent properties. More attention will be given to the structural 
analysis than to the luminescent behavior of the title compounds.  
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Figure 1.4: X-ray crystal structure of [Cu4I4(DABCO)2]. 
 
Figure 1.5: X-ray crystal structure of [Cu2I2(Pip)]. A) View along a-axis. B) View along 
c-axis. 
A)  
 13 
 
B) 
  
Solventothermal and Reflux Schemes. Solventothermal methods for producing 
copper(I) halide networks typically use water or acetonitrile as solvents. In this study, all 
solventothermal reactions were run using acetonitrile under mildly elevated temperature 
and pressure. Although this mild hydrothermal method evolved only recently,  it has 
proven to be a powerful technique for the synthesis of inorganic solid materials.21 The 
procedure involves sealing the reaction mixture in a vessel that is then heated past the 
boiling point of acetonitrile. The reaction mixture, contained in a thick-walled glass 
pressure tube, is held at high temperature and pressure for several days, after which it is 
slowly cooled to room temperature. The advantage of this method is that the elevated 
temperature and pressure can enhance the solubility of the reactants in acetonitrile, which 
enhances the chances of high quality crystal growth. Isolation of crystalline products 
from these reactions allows the characterization of the products via X-ray diffraction. The 
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disadvantages of solventothermal reactions include the co-formation of various 
compounds and phases. As a result, it tends to be difficult to produce a uniform product. 
Solventothermal reactions are also typically run on low millimolar scales, which can lead 
to low yields. Finally, long reaction periods and significant amounts of energy are 
required.  
 To overcome the disadvantages of solventothermal reactions, we also synthesized 
copper(I) networks via acetonitrile refluxes under a N2 atmosphere. This method favors 
higher yields, more uniform products, and faster reaction times. Lower temperatures, 
pressures, and faster reaction time make the reflux scheme a more practical method for 
the production of copper(I) halide networks. In this study, solventothermal reactions were 
run parallel to reflux reactions. For the reflux products that formed crystalline materials, 
powder X-ray diffraction was used to determine whether the powdered material was of 
the same structure to the X-ray quality crystals typically grown under solventothermal 
conditions.  
 Luminescence.  The relaxation of an electron from an excited state to a 
relaxed state via the emission of a photon is known as luminescence. If the excitation 
occurs due to visible or ultra-violet radiation, the resulting relaxation is called 
photoluminescence. There are two types of photoluminescence, fluorescence and 
phosphorescence, which differ with respect to what excited state the compound is in and 
how it relaxes. In order for an electron to transition to a higher electronic state, the 
electron must absorb in the UV or visible light spectrum. This process is dependent on 
Planck’s equation E = hν, where h is Planck’s constant, and ν is the frequency of the 
exciting photon. Typically there is no change in spin pairing during excitation (singlet 
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state to singlet state). Once in the excited state, a compound can undergo a number of 
relaxation pathways. First it will relax to the lowest vibrational and rotational states 
within the excited electronic manifold. The transition from the excited electronic state 
down to the ground state normally is of a non-radiative nature through the loss of heat or 
by intermolecular transfer of energy to surrounding molecules. However, if the relaxation 
is radiative from an excited singlet state to the ground singlet state, a photon is emitted; 
this is described as a fluorescence process. Less common than fluorescence emission is 
phosphorescence.  This occurs when the excited state undergoes a transition to the lower 
energy triplet state, via intersystem crossing, which is followed by a radiative relaxation 
to the ground singlet state. These transitions are visually depicted in a Jablonski diagram, 
Figure 1.6. 
Figure 1.6: Jablonski diagram of electronic transitions. 
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In transition metal complexes, the majority of absorptions occur between filled and 
empty d-orbitals, since these lie at the energy frontier. Additionally, the d-orbital energy 
levels become non-degenerate in the presence of a non-spherical ligand field and are too 
short-lived to observe through luminescence. Intra-d shell transitions with small crystal 
field splitting tend to result in luminescence in the visible range while large splitting 
results in absorption in the ultraviolet region. In Cu(I) complexes, the d-shell is 
completely filled, allowing other transitions to be observed.  Transitions in Cu(I) 
complexes typically occur from d-orbital electrons to low energy unoccupied ligand 
orbitals, a process termed metal to ligand charge transfer (MLCT).4  Under these 
circumstances, knowledge of ligand orbitals can be used to predict the excitation and 
emission frequencies of Cu(I) complexes. 
In the research described herein, we set out to form CuX (X = Cl, Br, I) networks 
using the ligands shown in Chart 1.0 and determine their networking and luminescent 
properties.  
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Experimental  
Materials.  All reagents were purchased from Aldrich or Acros and used without 
purification with the exception of copper(I) bromide and copper(I) chloride which were  
purified by a method described below. All water used was ultra-filtered deionized quality. 
Both water and acetonitrile (MeCN) were thoroughly degassed with Ar prior to the 
addition of reagents. All products were vacuum dried prior to analyses.  
 
General Analyses.  Thermogravimetric analysis (TGA) was conducted using a TA 
Instruments Q500 in the dynamic (variable temperature) mode with a maximum of 50 
oC/min. to 800 oC under 60 mL/min. N2 flow. Elemental analyses for carbon, hydrogen, and 
nitrogen were completed by Atlantic Microlabs, Inc., Norcross, GA. Single crystal and 
powder X-ray diffraction analysis was performed using a Bruker SMART Apex II 
diffractometer. Room temperature luminescence measurements were carried out on well-
ground and packed powders using a Perkin-Elmer LS 55 spectrofluorimeter.  
 
X-Ray Analysis. Crystals were grown in solventothermal environments as described 
below. Quality crystals were selected and then mounted onto glass fibers. All measurements 
were collected using graphite-monochromated Cu Kα radiation on a Bruker-AXS three 
circle diffractometer, equipped with a SMART Apex II CCD detector.29 Initial space group 
determination was based on a matrix consisting of 120 frames. The data were integrated 
using SAINT+, and empirical absorption correction was applied using SADABS.30,31  
The structures were solved using direct methods. Least squares refinement was 
processed on F2 for all structures. Non-hydrogen atoms were refined anisotropically. 
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Structure solution, refinement and the calculation of derived results were executed using 
the SHELXTL computer software package.32 Packing diagrams were created using 
Mercury.33 All hydrogen atoms were placed in theoretic positions using a riding model. 
Powder X-ray diffraction analysis was carried out on the instrument described 
above. Samples were ground in an agate mortar and pestle and were prepared as mulls 
using Paratone-N oil. Four 180 s frames were collected, covering 5-100o 2θ. Frames were 
merged using the SMART Apex II software and were further processed using DIFFRAC-
Plus and EVA software.29,34 Computer simulated powder patterns were generated from 
single crystal determinations using the Crystallographica program.  
 
 Purification of CuCl. Approximately 200 g of impure green CuCl were dissolved 
by stirring in 800 mL of 12 M HCl. Once the CuCl dissolved in the acid, the solution was 
slowly poured into 2500 mL of Ar-degassed water, quickly forming a white 
precipitate. The precipitate was allowed to settle, and the excess liquid was decanted off.  
The remaining liquid was shaken to suspend the solid, and the mixture was vacuum 
filtered without exposure to air. When all of the suspension was filtered, the solid was 
washed three times with 50 mL portions of 95% ethanol without exposure to air. The 
white solid product was then rinsed with four 25 mL portions of diethyl ether, and dried 
under vacuum for 24 h. 
 Purification of CuBr. A similar procedure was used, with green CuBr dissolved 
in 12 M HBr.  
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Synthesis of Piperizinium Chlorocuprates 
[Cu2Cl4](H2Pip) (1A) A 20 mL aqueous solution containing CuCl2•2H2O 
(0.852g, 5.00 mmol) and NH2OH•HCl (0.348 g, 10 mmol) was heated to approximately 
70° C in a 50 mL Erlenmeyer flask. A 15 mL aqueous solution of piperazine (C4H10N2, 
0.431 g, 5.00 mmol) was added in drop-wise via a Pasteur pipette. The blue-green color 
slowly discharged forming a colorless solution. The solution was then allowed to slowly 
cool in a 40 °C water bath and then at room temp., resulting in the formation of crystals. 
The crystals were collected by filtration and washed with 95% ethanol and then diethyl 
ether (0.604 g, 68.0%). 
[Cu2Cl4](H2Pip) (1B) was prepared under similar conditions to those used for 
1A, except that 10.0 mmol piperazine was used (0.238 g, 26.8%). 
[Cu3Cl5](H2MePip) (2) was prepared under similar conditions to those used for 
1A, except that N-methylpiperazine was used (C5H12N2, 0.278 g, 35.5%). 
[Cu4Cl6](H2Me2Pip) (3) was prepared under similar conditions to those used for 
1A, except that N,N'-dimethylpiperazine was used (C6H14N2, 0.332 g, 45.5%). 
 
Solventothermal Synthesis of CuX (X = I or Br) Networks with Piperazine Ligands 
 (Cu2I2)(Me2Pip) (4). CuI (0.381 g, 2.00 mmol) and N,N'-dimethylpiperazine ( 
0.114 g, 1.00 mmol) were suspended in 5 mL of degassed MeCN in a medium-sized 
thick-walled glass tube. The suspension was shaken gently then sealed under Ar. The 
sealed tube was placed into the oven at 100 °C for 72 h and then allowed to cool to room 
temperature for 1 day. The resulting product(s) was collected via filtration, washed with 
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diethyl ether, and then vacuum dried (0.398 g, 80.4%). Crystals were then selected for X-
ray analysis.  
 (Cu2I2)(Pip) (5) was prepared under similar conditions to those used for 4, except 
that piperazine was used (C4H10N2, 0.370 g, 79.2%). 
 (Cu2I2)(MePip) (6) was prepared under similar conditions to those used for 4, 
except that N-methylpiperazine was used (C5H12N2, 0.315 g, 65.5%). 
 (Cu2I2)(Et2Pip) (7) was prepared under similar conditions to those used for 4, 
except that N,N'-diethylpiperazine was used (C8H18N2, 0.387 g, 74.0%). 
 (Cu4I4)(DABCO)2 (8) was prepared under similar conditions to those used for 4, 
except that DABCO was used (C6H12N2, 0.371 g, 75.2%). 
 (Cu2I2)(HMTA) (9) was prepared under similar conditions to those used for 4, 
except that HMTA was used (C6H12N4, 0.276 g, 53.0%). 
 (Cu4I4)(HMTA) (10) was prepared under similar conditions to those used for 4, 
except that 4 mmol CuI was used with HMTA (C6H12N4, 0.657 g, 72.8.0%). 
 (Cu2Br2)(Pip) (11) was prepared under similar conditions to those used for 4, 
except that CuBr (0.287 g, 2.00 mmol) was used instead of CuI and Pip (C4H10N2 0.086 
g, 1 mmol) were used (0.317 g, 85.0%). 
 (Cu2Br2)(Me2Pip) (12) was prepared under similar conditions to those used for 
4, except that CuBr (0.287 g, 2.00 mmol) was used instead of CuI. X-ray quality crystals 
were collected (0.338 g, 84.3%).  
 (Cu4Br4)(MePip)2 (13) was prepared under similar conditions to those used for 4, 
except that CuBr (0.287 g, 2.00 mmol) was used instead of CuI. X-ray quality crystals 
were collected (0.170 g, 43.9%). 
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Reflux Synthesis of CuX (X = I or Br) Networks with Piperazine Ligands 
 (Cu2I2)(Pip) (14) CuI (1.904 g, 10.00 mmol) was placed into a 100 mL round 
bottom flask and dissolved into 50 mL of degassed MeCN. The solution was then stirred 
and heated for approximately 4 min. Piperazine (0.431 g, 5.00 mmol) was then added to 
the stirring solution in a drop-wise fashion. After the immediate formation of precipitate, 
the mixture was allowed to reflux under an inert N2 atmosphere for approximately 3 h. 
The solid product was collected via filtration, washed with diethyl ether and then vacuum 
dried overnight. A white powder was isolated (2.171 g, 93.0%). 
 (Cu2I2)(MePip) (15) was prepared under similar conditions to those used for 14 
except that N-methylpiperazine was used instead of Pip, resulting in a pale green powder 
(2.036 g, 84.6%). 
 (Cu2I2)(Me2Pip) (16) was prepared under similar conditions to those used for 14 
except that N,N'-dimethylpiperazine was used instead of Pip, resulting in a white powder 
(2.144 g, 86.6%).  
 (Cu2I2)(EtPip) (17) was prepared under similar conditions to those used for 14 
except that N-ethylpiperazine was used instead of Pip, resulting in a light green powder 
(1.146 g, 46.3%). 
 (Cu2I2)(Et2Pip) (18) was prepared under similar conditions to those used for 14 
except that N,N'-diethylpiperazine was used instead of Pip, resulting in that formation of 
a colorless X-ray quality crystalline product (1.507 g, 57.6%). 
 (Cu2I2)(HMTA) (19) was prepared under similar conditions to those used for 14 
except that HMTA was used instead of Pip, resulting in a white powder (C6H12N4, 1.770 
g, 67.9%). 
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 (Cu4I4)(DABCO)2 (20) was prepared under similar conditions to those used for 
14 except that DABCO was used instead of Pip, resulting in a white powder (2.401 g, 
97.4%). 
 (Cu4I4)(HMTA) (21) was prepared under similar conditions to those used for 14 
except that 20 mmol of CuI (3.809 g, 20.00 mmol) were used. In addition HMTA was 
used instead of Pip, resulting in white powder (3.840 g, 69.7%). 
  (Cu2Br2)(Pip) (22) was prepared under similar conditions to those used for 14 
except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a pale green 
powder (1.726 g, 92.5%). 
 (Cu4Br4)(MePip)2 (23) was prepared under similar conditions to those used for 
15 except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a light 
green powder (0.634 g, 32.8%). 
 (Cu2Br2)(Me2Pip) (24) was prepared under similar conditions to those used for 
16 except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a green 
powder (1.419 g, 70.8%). 
 (Cu2Br2)(EtPip) (25) was prepared under similar conditions to those used for 17 
except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a green 
powder (0.143 g, 7.4%). 
 (Cu2Br2)(Et2Pip) (26) was prepared under similar conditions to those used for 18 
except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a green 
powder (0.029 g, 1.4%). 
 23 
 (Cu2Br2)(HMTA) (27) was prepared under similar conditions to those used for 
19 except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a white 
powder (1.761 g, 82.5%). 
 (Cu2Br2)(DABCO) (28) was prepared under similar conditions to those used for 
20 except that CuBr (1.435 g, 10 mmol) was used instead of CuI, resulting in a green 
powder (1.864 g, 93.4%). 
 (Cu4Br4)(HMTA) (29) was prepared under similar conditions to those used for 
21 except that CuBr (2.869 g, 20 mmol) was used instead of CuI, resulting in a green 
powder (1.462 g, 41.0%). 
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Results 
 
General Results: 
 
Synthesis of Piperizinium Chlorocuprates 
 The chlorocuprates synthesized and described from herein were produced from 
aqueous reaction mixtures using 1:2:1 ratios of CuCl2•2H2O:NH2OH•HCl:Pip' (Pip'= Pip, 
MePip, Me2Pip). Hydroxylamine hydrochloride, the copper(II) reducing agent, caused 
the blue-green color to discharge producing a colorless solution during the addition of 
various piperazine derivatives. Upon cooling, the solutions crystallized revealing a 
variety of polyanions.  
 The 1:2:1 reactant ratio used could be expected to produce (H2Pip')[CuCl3] 
according to equation 1, x = 1, but in no case was this observed. Instead a number of 
higher chlorocuprate(I) anions were found corresponding to a variable Cu:Pip' ratio. The 
following product formulas were discovered: [Cu2Cl4](H2Pip) (1A, Cu:Pip = 2:1), 
[Cu3Cl5](H2MePip) (2, Cu:MePip = 3:1), and [Cu4Cl6](H2Me2Pip) (3, Cu:Me2Pip = 4:1). 
In all product formations an excess amount of copper was present in comparison to the 
Pip' ligand, despite the 1:1 reactant ratio. As a further investigation a reaction was carried 
out using 1:2:2 CuCl2•2H2O:NH2OH•HCl:Pip in order to increase the piperazine 
concentration. Instead of a change in the Cu:Pip ratio, the result was formation of a 
product, 1B, which was isomeric to 1A. The chlorocuprates discussed are sensitive to 
both atmospheric exposure and light, decomposing into green copper(II) materials over 
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the course of weeks when stored in air at reduced temperatures. Table 1.0 summarizes 
the synthesis of the piperizinium chlorocuprates.  
 
x CuCl2•2H2O + 2 NH2OH•HCl + Pip'  [CuxClx+2](H2Pip')                       (1) 
 
Solventothermal Synthesis of CuX (X = I or Br) Networks 
Solventothermal reactions have been shown to yield networks with amine and 
diamine ligands at high temperature and pressure.  We attempted to use a variety of these 
ligands in order to understand what sort of networks it is possible to make with this 
reaction scheme and determine previously unknown crystal structures. Our 
solventothermal reaction results at CuX:diamine ratios of 2:1 and some at 4:1 were 
similar to those found by Xu, Feng and others for networks with amine and polyamine 
ligands.18,20 Product compositions varied, with some producing a mixture of powder and 
crystals, while others were visibly uniform. Decomposition or oxidation occurred during 
some trials. In several cases, X-ray quality crystals were found and structures were 
determined. Due to the relative softness of CuI, stability of CuI networks seemed to be 
more favorable than that of its CuBr counterparts. Copper(I) iodide products also showed 
higher stability toward oxidation and decomposition in comparison to analogous CuBr 
networks. Reactions run in the 2:1 CuX:ligand ratio were the only reactions to produce 
crystalline products. Reaction ratios of 4:1 were only run with HMTA and did not 
produce crystalline materials. Under both reactant stoichiometries, the total product mass 
typically consisted of less than 400 mg while reactant masses totaled approximately 500 
mg for CuBr reactions and 650 mg for CuI reactions. Yields were calculated for these 
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reaction results but should be interpreted with caution due to the possibilities of multiple 
complexes.  
 
Reflux Synthesis of CuX (X = I or Br) Networks 
 In addition to testing a variety of bridging ligands with copper(I) halides under 
solventothermal conditions, we sought to produce CuX (X = I or Br) networks by a more 
convenient method. Atmospheric pressure reflux reactions were attempted using the same 
reactant ratios that were used in solventothermal experiments: 2:1 for the majority of 
ligands and 4:1 with HMTA. Using the reflux method saves time, and allows larger scale 
reactions. Reflux materials also tend to exhibit better uniform product compositions, 
presumably due to better homogenization through stirring.  
Acetonitrile was used to dissolve the copper(I) halide. Solutions of purified CuBr 
tended to exhibit a faint green color, while CuI solutions had a faint tan hue. The 
solutions were heated and stirred, allowing for any additional solid to be dissolved into 
the solvent. The bridging ligand was dissolved into a small amount of acetonitrile and 
added to the stirring copper(I) halide solution in a drop-wise fashion. Complex formation 
occurred in all cases within seconds or minutes and was typically indicated by a color 
change.  
The reflux reactions were allowed to run for 3 hours under N2, after which each 
product was filtered, washed with ethyl ether and then dried under vacuum. Substances 
incorporating CuBr were typically pale green in appearance, although 2:1 CuBr:HMTA 
produced a white powder and 2:1 CuBr:DABCO produced a brown powder. With respect 
to CuI networks, products tended to be colorless or contain a slight silvery appearance. 
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Most of the materials readily precipitated from solution as microcrystalline powders, 
although the reflux product of 2:1 CuI:Et2Pip formed as X-ray quality crystals.  
The products were analyzed via carbon, hydrogen, nitrogen (C,H,N) analysis to 
determine the ratio of CuX:ligand. These ratios were confirmed by thermogravimetric 
analysis. In those cases where crystal structures were known, either from literature or 
structures determined from solventothermal products of the same ligand, calculated X-ray 
powder patterns of the known structures were compared to powder patterns collected 
from the reflux product. During the study a network CuX:ligand ratio of 2:1 was found to 
be the most common, but this was not the only ratio discovered for certain ligands. Some 
of the reflux materials were found by X-ray powder diffraction to correspond to crystal 
structures solved from the products of solventothermal reactions. Others were found to be 
products not seen in solventothermal reactions. Table 2.0 summarizes synthesis results 
for all solventothermal and reflux reactions.  
The majority of reflux reactions resulted in uniform products with a total quantity 
greater than one gram (using 2.4 grams of starting materials). These characteristics mark 
improvements in reaction outcome in comparison to the potentially multi-phasic 
solventothermal products. The lack of notable color of the copper(I) iodide complexes 
indicated that these materials contained unoxidized Cu(I), but the blue-green hue of the 
copper(I) bromide products raised some questions as to whether Cu(II) might be present. 
Both the copper(I) iodide and bromide substances showed excellent stability to air and 
light, with the copper(I) iodide products showing slightly more resistance to oxidation. 
Thermogravimetric analysis showed smooth decomposition and yielded accurate percent 
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mass results for the CuI complexes, while the CuBr products tended to decompose in less 
interpretable fashion. 
  
Table 1.0: Piperizinium Chlorocuprate Synthesis Results. 
Ligand 1:2:1 Reflux 1:2:2 Reflux 
Pip [Cu2Cl4](H2Pip) (1A)* [Cu2Cl4](H2Pip) (1B)* 
MePip [Cu3Cl5](H2MePip) (2)* ----- 
Me2Pip [Cu4Cl6](H2Me2Pip) (3)* ----- 
*New X-ray structure resulted. 
Table 2.0: Solventothermal (ST) and Reflux Synthesis Results. 
Ligand CuI 
reflux 
2:1 
CuBr 
reflux 
2:1 
CuI  
ST 
2:1 
CuBr  
ST 
2:1 
CuI 
reflux 
4:1 
CuBr 
reflux 
4:1 
CuI 
ST 
4:1 
CuBr ST  
4:1 
Pip 14 
(2:1) 
22 
(2:1) 
5 (2:1)b 11 (2:1) N/A N/A N/A N/A 
MePip 15 
(2:1) 
23 
(4:2) 
6 (2:1) 13 
(4:2)* 
N/A N/A N/A N/A 
Me2Pip 16 
(2:1) 
24 
(2:1) 
4 (2:1)* 12 
(2:1)* 
N/A N/A N/A N/A 
EtPip 17 
(2:1) 
25 
(2:1) 
Decomp. Decomp. N/A N/A N/A N/A 
Et2Pip 18 
(2:1)* 
26 
(2:1) 
7 (2:1) Decomp. N/A N/A N/A N/A 
HMTA 19 27 9 (2:1) ---- 21 29 10 Decomp. 
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(2:1) (2:1) (4:1) (4:1) (4:1) 
DABCO 20 
(4:2) 
28 
(2:1) 
8 (4:2)a ---- N/A N/A N/A N/A 
*New X-ray structure resulted.   aRef 20.  bRef 18. 
Thermogravimetric Analysis: 
Thermogravimetric analysis was performed on all reflux products. Copper(I) 
iodide complexes tended to decompose smoothly, producing tractable TGA results, while 
nearly all of the CuBr powders decomposed in complex ways, rendering the TGA data 
unreliable for any stoichiometric interpretation. However, there were a few CuBr reflux 
products that demonstrated interpretable thermogravimetric decomposition. Some 
products formed intermediate phases, while others released all organics, leaving only CuI 
or CuBr respectively.  Copper(I) iodide starts to decompose around 500 °C, while CuBr 
decomposes around 460 °C. Thermal decomposition plots, Figure 2.0 and 2.1, are shown 
below for CuI and CuBr complexes respectively. The relative stability of these 
compounds seems to be a function of ligand due to the differences in decomposition 
within a copper(I) halide category. A summary of TGA data is found in Table 3.0.  
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Figure 2.0: Representative plots of CuBr products thermogravimetric data. 
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Figure 2.1: Representative plots of CuI products thermogravimetric data. 
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Table 3.0: Summary of TGA data. 
Complex Product Temp., oC Mass % of Product 
(Theoret.) 
(Cu2I2)(Pip) 14 CuI 507–568 82.9 (81.6) 
(Cu2I2)(MePip) 15 CuI 484–576 77.6 (79.2) 
(Cu2I2)(Me2Pip) 16 CuI 505–568 77.2 (76.9) 
(Cu2I2)(EtPip) 17 CuI 491–603 76.4 (76.9) 
(Cu2I2)(Et2Pip) 18 CuI 505–581 75.1 (72.8) 
(Cu2I2)(HMTA) 19 CuI 490–548 79.36 (73.1) 
(Cu4I4)(DABCO)2 20 CuI 461–561 76.7 (77.2) 
(Cu4I4)(HMTA) 21 CuI 492–577 84.2 (84.5) 
(Cu2Br2)(Pip) 22 ------ ----- ----- 
(Cu4Br4)(MePip)2 23 CuBr 473–681 68.9 (74.1) 
(Cu2Br2)(Me2Pip) 24 CuBr 488–567 72.1 (71.5) 
(Cu2Br2)(EtPip) 25 ------ ------ ----- 
(Cu2Br2)(Et2Pip) 26 ------ ------ ----- 
(Cu2Br2)(HMTA) 27 CuBr 493–720 71.6 (67.2) 
(Cu2Br2)(DABCO) 28 CuBr 425–633 68.6 (71.9) 
(Cu4Br4)(HMTA) 29 CuBr 410–528 54.7 (80.4)* 
----- Indicates uninterpretable TGA data. * Indicates a likely compositional change than 
first predicted 
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Characterization of Piperizinium Chlorocuprates: 
CuCl Piperazine Networks 
 Copper(I) chloride complexes of diamine bridging ligands have been previously 
characterized by Pike and others, but the structures described herein are novel.21,22 Two 
complexes, 1A and 1B, are isomeric in nature and were produced from 1:2:1 and 1:2:2 
reactant ratios respectively. The increased piperazine loading did not change the chemical 
composition, but rather the spatial arrangement of the repeating network. These aqueous 
reactions tended to give low yields, typically below 40%. The collected crystals were 
colorless, indicating the self-assembly of Cu(I), rather than Cu(II), which is known to 
show blue-green color. The compositions of the crystals were confirmed by determining 
their structures via X-ray crystallography.  
 The simpler of the two networks, 1A, crystallizes in the triclinic space group P–1. 
Crystallographic data for this complex can be found in Table 4.0a. It is formed from a 
single independent copper atom and two chlorine atoms. The complex contains copper-
sharing Cu2Cl2 dimers, as shown in the 1A packing diagram Figure 3.0. The Cu···Cu 
distances across the dimer units measure 3.1620(7) and 3.1671(7) Å. These distances are 
significantly larger than the copper van der Waals radius sum (2.8 Å) indicating that there 
is no direct Cu···Cu interaction. The (Cu2Cl2)n repeating chain propagates along the 
crystallographic a-axis while the H2Pip+ cations are independent from the polyanions 
except for the existence of N–H···Cl hydrogen bonding. The hydrogen bonding involves 
all piperazine nitrogens and only half of the chlorides. While chain formation is common 
in copper(I) halides, a more unusual structural type can be seen in 1B. 
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 The chlorocuprate network, 1B, crystallizes in the orthorhombic space group 
Pbcn (Table 4.0b). In addition, 1B forms an unusual honeycomb 2D sheet network, as 
shown in Figure 3.1. Independent copper centers are connected by bridging chlorides to 
form zigzag chains parallel to the b-axis. Additionally, another bridging chloride (Cl1) 
knits the chains together by forming Cu2Cl2 dimers parallel to the a-axis. The result is the 
formation of hexagonal Cu6Cl8 units which are oriented parallel to the a,b-plane. In 
addition, the dimers in 1B have slightly more acute Cu–Cl–Cu angles. As a result the 
Cu···Cu distance, 2.9645(16) Å, is shorter than that found in 1A. The H2Pip+ ion lies 
between the chlorocuprate sheets and is aligned in the centers of the vacancies. This 
spatial arrangement is evident in the approximate c-axis projection of H2Pip+. Hydrogen 
bonding is also seen with two interactions between N1 and Cl1, and one interaction 
between N1 and Cl2. 
 
Table 4.0a: Crystallographic parameters for 1A.  
      Identification code                         Pbcn 
  
      Empirical formula                         C2 H6 Cl2 Cu N 
  
      Formula weight                              178.52 
  
      Temperature                                   200(2) K 
  
      Wavelength                                    1.54178 Å 
  
      Crystal system, space group          Orthorhombic, Pbcn 
  
      Unit cell dimensions              a = 9.9442(6) Å   alpha = 90 deg. 
                                                     b = 8.0622(5) Å    beta = 90 deg. 
                                                     c = 13.1301(7) Å  gamma = 90 deg. 
  
      Volume                                          1052.67(11) Å 3 
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      Z, Calculated density                     8,  2.253 Mg/m3 
  
      Absorption coefficient                   13.913 mm-1 
  
      F(000)                                            704 
  
      Crystal size                                     0.30 x 0.10 x 0.02 mm 
  
      Theta range for data collection       6.74 to 66.97 deg. 
  
      Limiting indices                  -11<=h<=11, -9<=k<=9, -15<=l<=14 
  
      Reflections collected / unique        10612 / 905 [R(int) = 0.0574] 
  
      Completeness to theta = 66.97        96.2 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission            0.7683 and 0.1028 
  
      Refinement method                 Full-matrix least-squares on F2 
  
      Data / restraints / parameters           905 / 0 / 79 
  
      Goodness-of-fit on F2                      1.047 
  
      Final R indices [I>2sigma(I)]          R1 = 0.0394, wR2 = 0.1106 
  
      R indices (all data)                           R1 = 0.0441, wR2 = 0.1145 
  
      Largest diff. peak and hole               0.968 and -1.042 e.Å-3 
 
 
Table 4.0b: Crystallographic Parameters for 1B. 
       
Identification code                                p1bar 
  
      Empirical formula                          C2 H6 Cl2 Cu N 
  
      Formula weight                              178.52 
  
      Temperature                                   200(2) K 
  
      Wavelength                                    1.54178 Å 
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      Crystal system, space group          Triclinic,  P-1 
  
      Unit cell dimensions              a = 6.3141(2) A   alpha = 90.707(2) deg. 
                                                     b = 6.8248(2) A   beta = 110.748(2) deg. 
                                                     c = 6.9067(2) A   gamma = 110.799(2)deg. 
  
      Volume                                          256.918(13) Å3 
  
      Z, Calculated density                     2,  2.308 Mg/m3 
  
      Absorption coefficient                   14.251 mm-1 
  
      F(000)                                             176 
  
      Crystal size                                     0.42 x 0.08 x 0.07 mm 
  
      Theta range for data collection       7.03 to 71.49 deg. 
  
      Limiting indices                            -7<=h<=7, -8<=k<=8, -8<=l<=8 
  
      Reflections collected / unique         4593 / 962 [R(int) = 0.0334] 
  
      Completeness to theta = 71.49         95.4 % 
  
      Absorption correction                    Semi-empirical from equivalents 
  
      Max. and min. transmission             0.4353 and 0.0656 
  
      Refinement method                           Full-matrix least-squares on F2 
  
      Data / restraints / parameters             962 / 0 / 79 
  
      Goodness-of-fit on F2                        1.089 
  
      Final R indices [I>2sigma(I)]            R1 = 0.0282, wR2 = 0.0711 
  
      R indices (all data)                             R1 = 0.0288, wR2 = 0.0715 
  
      Largest diff. peak and hole                 0.379 and -0.674 e.A-3 
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Figure 3.0: Packing diagram of [Cu2Cl4](H2Pip) (1A). (Hydrogen atoms omitted for 
clarity). 
 
Figure 3.1: Packing diagram of [Cu2Cl4](H2Pip) (1B). (Hydrogen atoms omitted for 
clarity). 
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CuCl N-Methylpiperizinium Networks 
 N-Methylpiperizinium is an unsymmetrical cation, making the potential 
networking of this ligand interesting. This CuCl complex crystallizes in the space group 
P–1 and exhibits a 3:1 Cu:H2MePip ratio. Crystallographic parameters are listed in Table 
4.1 Unlike the piperizinium ions in 1A and 1B, H2MePip2+ is fully independent. The 
same is true of the Cu3Cl52– repeat unit. The pentachlorotricuprate(I) complex 
incorporates 3-coordinate Cu1 and Cu2 and 4-coordinate Cu3 as illustrated in Figure 3.2. 
In addition, 4-coordinate copper atoms bond to an unusual terminal chloride, Cl5.  
 The Cu2 atom shows slight 4-coordination properties. This is due to three normal 
length bonds, shown in Table 4.2, but the Cl–Cu–Cl angles only add up to approximately 
354.5°.  This network forms a novel ribbon structure, as shown in Figure 3.3. Within the 
crystallographic context, the repeating ribbon unit propagates along the a-axis. Also 
illustrated in Figure 3.3 are long Cu2···Cl4 interactions, 2.9562(11) Å, which are 
represented with dashed lines. Weak copper-copper interactions are also noted between 
Cu1···Cu2, 2.7109(8) Å, and Cu1···Cu2, 2.8751(8) Å. Both of these distances are close to 
the van der Waals sum, indicating some bonding overlap. Some hydrogen bonding occurs 
within network 2. The methyl-bearing nitrogen atom, N1, shows one hydrogen-bonding 
interaction to Cl5. On the other hand, the secondary nitrogen atom shows potential 
hydrogen-bonding to Cl3, Cl4, and Cl5.  
 
Table 4.1: Crystallographic parameters for 2. 
      Identification code                      p1bar 
  
      Empirical formula                      C5 H14 Cl5 Cu3 N2 
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      Formula weight                           470.05 
  
      Temperature                                100(2) K 
  
      Wavelength                                  1.54178 Å 
  
      Crystal system, space group         Triclinic,  P-1 
  
      Unit cell dimensions              a = 8.0815(7) Å   alpha = 70.231(4) deg. 
                                                     b = 9.6584(9) Å    beta = 77.180(4) deg. 
                                                     c = 9.7900(8) Å   gamma = 70.587(4) deg. 
  
      Volume                                         673.05(10) A3 
  
      Z, Calculated density                    2,  2.319 Mg/m3 
  
      Absorption coefficient                  14.387 mm-1 
  
      F(000)                                           460 
  
      Crystal size                                   0.33 x 0.11 x 0.03 mm 
  
      Theta range for data collection     4.84 to 67.00 deg. 
  
      Limiting indices                  -8<=h<=9, -11<=k<=11, -11<=l<=11 
  
      Reflections collected / unique      10130 / 2308 [R(int) = 0.0472] 
  
      Completeness to theta = 67.00     95.9 % 
  
      Absorption correction                  Numerical 
  
      Max. and min. transmission          0.6721 and 0.0876 
  
      Refinement method                       Full-matrix least-squares on F2 
  
      Data / restraints / parameters         2308 / 0 / 137 
  
      Goodness-of-fit on F2                    1.059 
  
      Final R indices [I>2sigma(I)]        R1 = 0.0383, wR2 = 0.1032 
  
      R indices (all data)                         R1 = 0.0396, wR2 = 0.1043 
  
      Largest diff. peak and hole             1.153 and -1.007 e.Å-3 
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Figure 3.2: Packing diagram of [Cu3Cl5](H2MePip) (2). 
 
Figure 3.3: Novel ribbon structure representation for 2. 
 
Table 4.2: Cu2 bond lengths in structure 2. 
Bond Length (Å) 
Cu2-Cl2 2.2510(10) 
Cu2-Cl1' 2.2928(10) 
Cu2-Cl4' 2.3527(10) 
 
 
 40 
CuCl N,N'-Dimethylpiperizinium Networks 
 The polyanionic chlorocuprate(I) network that formed with N,N'-
dimethylpiperazine is an adamantine-like tetrahedral Cu4Cl62– structure which can be 
seen in Figures 3.4 and 3.5. The anionic units are weakly linked together into a ribbon 
formation, running parallel to the crystallographic c-axis. This ribbon structure is more 
clearly depicted in Figure 3.6, while Figure 3.4 provides a better visualization of the 
tetrahedral anionic units. The Cu4X62– unit is well known in Cu(I) halide networks, but 
there is only one precedent to show linking of these units into ribbons.24,25,26 
 Two independent copper atoms are present in structure 3.  Two atoms show 3- 
coordinate properties: Cu1 is 3-coordinate while Cu2 is only approximately 3-coordinate. 
Independent Cu2 makes three regular Cu–Cl bonds: Cu2–Cl3 = 2.2645(5) Å, Cu–Cl1' = 
2.3052(5) Å, and Cu2–Cl4 = 2.3242(5) Å. However, Cu2 is only approximately 3-
coordinate due to the fact that its Cl–Cu–Cl angles only total to approximately 355.8°, 
indicating some 4-coordinate character. Long Cu2···Cl3 interactions measuring 2.7623(6) 
link the tetrahedral Cu4Cl62– units together forming the ribbon structure previously 
mentioned. The adamantine-like units are further linked, between the a- and b-axes, with 
an even longer Cu1···Cl1 interaction measuring 3.0568(5) Å. These latter long 
interactions cause this crystal structure to form a 2-dimensional sheet. All of the chloride 
atoms form simple bridges between copper centers, except for Cl3. This chloride atom is 
triply bridging (including the long Cu2···Cl3 bond) and has T-shaped geometry. Within 
the polyhedra, angles range from 77.152(18) to 89.10(3)°. In addition, the network 
crystallizes in monoclinic space group C2/c; unit parameters for [Cu4Cl6](H2Me2Pip) 3 
can be found in Table 4.3.  The Cu···Cu interactions in 3 range from 2.8617(5) to 
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2.8794(4) Å, indicating that some weak interactions are occurring. However, these are 
not very significant since they are longer than the van der Waals sum of Cu radii. 
 
Figure 3.4: Polyhedral Unit for 3. Hydrogen atoms omitted for clarity. 
 
Figure 3.5: Representation of tetrahedral adamantine-like polyanionic unit. 
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Table 4.3: Crystallographic parameters for 3. 
       
Identification code                           C2onc 
  
      Empirical formula                      C3 H8 Cl3 Cu2 N 
  
      Formula weight                          291.53 
  
      Temperature                               100(2) K 
  
 42 
      Wavelength                                1.54178 Å 
  
      Crystal system, space group       monoclinic, C2/c 
  
      Unit cell dimensions              a = 17.4026(6) Å   alpha = 90 deg. 
                                                     b = 10.5295(4) Å    beta = 131.5490(10) deg. 
                                                     c = 11.7501(8) Å   gamma = 90 deg. 
  
      Volume                                       1611.35(14) Å3 
  
      Z, Calculated density                  8,  2.403 Mg/m3 
  
      Absorption coefficient                14.948 mm-1 
  
      F(000)                                         1136 
  
      Crystal size                                  0.18 x 0.07 x 0.06 mm 
  
      Theta range for data collection    5.40 to 66.91 deg. 
  
      Limiting indices                  -20<=h<=20, -12<=k<=12, -13<=l<=11 
  
      Reflections collected / unique      12630 / 1421 [R(int) = 0.0364] 
  
      Completeness to theta = 66.91       98.8 % 
  
      Max. and min. transmission           0.4674 and 0.1739 
  
      Refinement method                 Full-matrix least-squares on F2 
  
      Data / restraints / parameters          1421 / 0 / 84 
  
      Goodness-of-fit on F2                     1.105 
  
      Final R indices [I>2sigma(I)]         R1 = 0.0191, wR2 = 0.0451 
  
      R indices (all data)                          R1 = 0.0198, wR2 = 0.0455 
  
      Largest diff. peak and hole              0.400 and -0.250 e.A-3 
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Figure 3.6: Network and packing diagram for 3. Hydrogen atoms omitted for clarity. 
 
 
Characterization of Networks Containing Aliphatic Diamine Ligands 
CuI Piperazine Networks 
 X-ray analysis has shown that (Cu2I2)(Pip) (5) consists of 1-dimensional 
castellated Cu2I2 chains that are linked via piperazine bridging ligands.18 This type of 
chain is different from zigzag and staircase chain structures and is more clearly illustrated 
in Figure 3.7a. Castellated chains are known for having or resembling repeated square 
indentations. The piperazine molecules protrude out from the Cu2I2 chains resulting in a 
complete 3-dimensional framework (Figure 3.7b). The independent Cu1 centers are of 
distorted tetrahedral geometry and coordinate to three equivalent iodide atoms and one 
nitrogen atom. The I–Cu–I angles range from 103.52(9) to 117.373(19)°. In addition, 
Cu–I bond lengths are normal and are between 2.6569(8) and 2.6876(8) Å. Being less 
than twice the van der Waals radius of Cu (2.8 Å), the Cu···Cu distances (2.7294(10)–
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2.7707(11) Å) imply the existence of significant Cu···Cu interactions within the Cu2I2 
chains. Crystallographic parameters for structure 5 can be found in Table 4.4 followed by 
carbon, hydrogen, nitrogen analyses of 16 (reflux analog to structure 5) in Table 4.5. 
Visual comparison (Figure 3.8) of the calculated powder pattern for (Cu2I2)(Pip) (5) with 
the powder pattern from 16 show that the crystalline solventothermal material and 
microcrystalline reflux product are of the same phase.  
 
Table 4.4: Unit cell parameters for 5.18 
MeCN 2:1 (Cu2I2)(Pip) (5) 
Length (Å) Angle (°) 
a 9.309(2) α  90.00 
b 15.436(4) β  103.604(4) 
c 7.0974(16) γ  90.00 
 
Table 4.5: Carbon, Hydrogen, Nitrogen Analysis of 16 
Element % Mass (Theoret.) 
C 10.51 (10.29) 
H 2.10 (2.16) 
N 5.97 (6.00) 
CuI by TGA 82.89 (81.56) 
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Figure 3.7a: Copper(I) Halide Chain Species. 
 
Figure 3.7b: Network and packing diagram for 5. Hydrogen atoms omitted for clarity.18 
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Figure 3.8: a) X-ray powder pattern of (Cu2I2)(Pip) reflux 16. b) Calculated powder 
pattern (Cu2I2)(Pip) 5. 
a) Operations: Y Scale Mul  1.292 | Y Scale Add 250 | Background 0.145,1.000 | Import
File: CuI2Pip.raw - Type: Detector - Start: 6.400 ° - End: 101.770 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 6.400 ° - Theta: 173.000 ° - Chi: 54.74 ° - Phi: 0.
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b)  
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CuI DABCO Networks 
 An effective strategy for making more porous frameworks is to expand the 
spacing between inorganic repeating units. This can be done through the use of larger 
organic bridging ligands such as DABCO, rather than the piperazine derivatives 
previously described. Figure 3.9 illustrates structure 8, reported by Feng and others, 
which exhibits this type of porous material.20 The crystallographic analysis of 8 shows 
the formation of a 3-dimensional zeolite-like framework with unit parameters shown in 
Table 4.6. The inorganic repeating unit is a Cu4I4 cubane building block bridged to two 
DABCO molecules. Tetrahedral constructions of this sort typically display diamondoid 
or related nets, but structure 8 forms larger six-membered rings in and parallel to the a,b-
plane. These larger six-membered rings are illustrated in Figure 4.0.  
 This DABCO coordinated structure crystallizes in hexagonal space group P6/mcc 
and has three independent copper atoms. Each copper atom exhibits distorted tetrahedral 
geometry with angles ranging from 103.8(6) to 112.0(1)°. In addition, bonds for Cu–I are 
normal in length (Table 4.7). The presence of Cu···Cu lengths, 2.580(4) to 2.699(2) Å, 
that are lower than the sum of the van der Waals radius of Cu indicates strong Cu···Cu 
interactions. Such close distances between Cu centers have the potential to allow metal 
cluster-centered charge transfer. This type of charge transfer can lead to interesting 
photoluminescent properties. Carbon, hydrogen, nitrogen (C,H,N) and TGA analyses of 
20 (Table 4.8), indicated that the reflux product is most likely of the same phase as 8 
with respect to CuI and DABCO but not exactly the same structure since 8 is an ethanol-
solvate. Visual comparison of the calculated powder pattern for 8 with the powder pattern 
from 20 can be viewed in Figure 4.1.  
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Table 4.6: Unit cell parameters for 8.20 
MeCN 2:1 (Cu4I4)(DABCO)2 (8) 
Length (Å) Angle (°) 
a 25.245(4) α  90.00 
b 25.245(4) β  90.00 
c 15.488(3) γ  120.00 
 
Figure 3.9: Repeat unit structure of (Cu4I4)(DABCO)2 (8). 
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Figure 4.0: Network and packing diagram for 8 in a,b-plane. Hydrogen atoms omitted 
for clarity. 
 
 
Table 4.7: Structure 8 bond lengths. 
Bond Length (Å) Bond Length (Å) 
Cu1–I1 2.675(2) Cu2–I1 2.718(1) 
Cu1–I2 2.666(2) Cu2–I2 2.747(3) 
Cu1–I3 2.694(4) Cu3–I1 2.683(2) 
Cu3–I3 2.703(5)   
 
Table 4.8: Carbon, hydrogen, nitrogen analysis of 20. 
Element % Mass (Theoret.) 
C 15.05 (14.62) 
H 2.50 (2.45) 
N 5.80 (5.68) 
CuI by TGA 76.72 (77.25) 
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Figure 4.1: a) X-ray powder pattern of (Cu4I4)(DABCO)2 (20) reflux. b) Calculated 
powder pattern (Cu4I4)(DABCO)2 (8). 
a) Operations: Y Scale Add 208 | Background 0.174,1.000 | ImportFile: CuI4DABCO2.raw - Type: Detector - Start: 3.310 ° - End: 101.830 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 3.310 ° - Theta: 173.000 ° - Chi: 54.74 ° - 
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CuI N,N'-Dimethylpiperazine Networks 
 Expanding upon the success of producing CuI networks with symmetrical 
piperazine ligands, structure 4 was found to be one of the most stable solid materials from 
our experimental investigations. In addition, the alkylated nitrogen atoms had the 
potential for creating a more porous network as compared to non-alkylated piperazines. 
Crystallizing in monoclinic space group C2/c with the crystallographic parameters listed 
in Table 4.9, Structure 4, (Cu2I2)(Me2Pip) consists of cubane Cu4I4 inorganic nodes, as 
shown in Figure 4.2. Each cubane unit is formed by four Cu atoms and four I atoms 
occupying alternate corners. Each Cu atom is bonded to three neighboring I atoms and 
each iodide to three neighboring copper atoms. The N,N'-dimethylpiperazine bridging 
ligand coordinates outward from the cubane node. Bond lengths between copper and 
iodide atoms ranged from 2.678(1) to 2.7180(9) Å. The Cu···Cu distances ranged from 
2.669(1) to 2.814(2) Å, indicating that some of the bonds were significant. The 
combination of cubane nodes and bridging N,N'-dimethylpiperazine ligands  results in a 
3-dimensional net. To demonstrate this, Figure 4.2 depicts 4 as a two dimensional sheet 
while Figure 4.3a provides the final 3rd dimension producing the 3D framework. It is 
important to note that the view of 4 in Figure 4.2 translates into 4.3a if one projects 
behind the plane of the page. Figure 4.3b depicts the 3-dimensional network in whole; 
note the layers of 2-dimensional sheets that project back along the a-axis but not quite 
parallel to the b,c-plane. The C, H, N and TGA analyses of 16 (Table 5.0) indicate that 
the chemical composition of 16 is the same as that of 4. In addition, visual comparison of 
the calculated pattern for 4 with the powder pattern from 16 (Figure 4.4) shows four 
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major 2-theta peaks. The similar layout of these two patterns reaffirms phase matching 
for both materials.  
 
Table 4.9: Crystallographic parameters for 4. 
       
Identification code                           c2onc 
  
      Empirical formula                     C6 H14 Cu2 I2 N2 
  
      Formula weight                          495.07 
  
      Temperature                               100(2) K 
  
      Wavelength                                1.54178 Å 
  
      Crystal system, space group       Monoclinic,  C2/c 
  
      Unit cell dimensions              a = 27.3307(15) Å   alpha = 90 deg. 
                                                     b = 14.3197(8) Å    beta = 121.052(2) deg. 
                                                     c = 14.3175(8) Å   gamma = 90 deg. 
  
      Volume                                       4800.4(5) Å3 
  
      Z, Calculated density                  16,  2.740 Mg/m3 
  
      Absorption coefficient                44.408 mm-1 
  
      F(000)                                         3648 
  
      Crystal size                                 0.39 x 0.24 x 0.08 mm 
  
      Theta range for data collection   3.78 to 66.99 deg. 
  
      Limiting indices                  -29<=h<=32, -16<=k<=17, -16<=l<=16 
  
      Reflections collected / unique     23268 / 4157 [R(int) = 0.0656] 
  
      Completeness to theta = 66.99      97.0 % 
  
      Absorption correction                   Numerical 
  
      Max. and min. transmission          0.1216 and 0.0208 
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      Refinement method                      Full-matrix least-squares on F2 
  
      Data / restraints / parameters        4157 / 0 / 221 
  
      Goodness-of-fit on F2                   1.113 
  
      Final R indices [I>2sigma(I)]       R1 = 0.0372, wR2 = 0.0986 
  
      R indices (all data)                        R1 = 0.0381, wR2 = 0.0994 
  
      Largest diff. peak and hole            1.626 and -2.148 e.Å-3 
 
 
Table 5.0: Carbon, hydrogen, nitrogen analysis of 16. 
Element % Mass (Theoret.) 
C 14.57 (14.56) 
H 2.77 (2.85) 
N 5.67 (5.66) 
CuI by TGA 77.21 (76.94) 
 
Figure 4.2: Network and packing diagram for 4 along c-axis. Hydrogen atoms omitted 
for clarity. 
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Figure 4.3: a) View of 4 in b,c-plane. b) 3-Dimensional view of 4. Hydrogen atoms 
omitted for clarity. 
a)  
b)  
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Figure 4.4: a) X-ray powder pattern of (Cu2I2)(Me2Pip) (16)  reflux.  b) Calculated 
powder pattern of (Cu2I2)(Me2Pip) (4). 
a) Operations: Y Scale Add 335 | Background 1.000,1.000 | ImportFile: CuI2Me2Pip.raw - Type: Detector - Start: 2.290 ° - End: 101.620 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 2.290 ° - Theta: 173.000 ° - Chi: 54.74 ° - Ph
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CuI N,N'-Diethylpiperazine Networks 
 The simpler of the reported networks, structure 18 (Cu2I2)(Et2Pip), crystallized as 
a 1-dimensional chain in the space group P21/c with crystallographic parameters found in 
Table 5.1. The inorganic units formed as rhombus nodes consisting of two Cu atoms and 
two I atoms. Each bridging N,N'-diethylpiperazine is coordinated to the Cu atoms in a 
nearly parallel orientation to the a,b-plane as shown in Figure 4.5. The 1-dimensional 
chains propagate along the c-axis. Only one independent copper atom was identified; this 
copper atom exhibited slightly distorted 3-coordinate geometry. Angles around Cu1 
(Figure 4.6) range from 111.6(1) to 126.3(1)°.  Some of the distortion may be attributed 
to the metal center interactions occurring between Cu atoms within the rhomboid nodes. 
The measured Cu···Cu distance is approximately 2.484(1) Å which is significantly less 
than the sum of van der Waals radii indicating strong interactions. Complex 18 was the 
only product that formed X-ray quality crystals via reflux method. Moreover, crystals 
were not formed for 7, the solventothermal product analog to 18. Elemental and TGA 
analyses of 18 (Table 5.2), indicated that the reflux product is uniform with respect to 
phase composition and is of the correct molecular composition. Comparison of the 
calculated powder pattern for 18 with that of 7 confirms phase matching and can be 
viewed in Figure 4.7. 
 
Table 5.1: Crystallographic parameters for 18. 
       
      Identification code                   p21onc 
  
      Empirical formula                   C8 H18 Cu2 I2 N2 
  
      Formula weight                        523.12 
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      Temperature                             100(2) K 
  
      Wavelength                               1.54178 Å 
  
      Crystal system, space group       Monoclinic,  P2(1)/c 
  
      Unit cell dimensions              a = 7.1527(2) Å   alpha = 90 deg. 
                                                     b = 12.5997(4) Å    beta = 90.712(2) deg. 
                                                     c = 7.8483(3) Å   gamma = 90 deg. 
  
      Volume                                      707.25(4) Å3 
  
      Z, Calculated density                 2,  2.456 Mg/m3 
  
      Absorption coefficient               37.728 mm-1 
  
      F(000)                                        488 
  
      Crystal size                                 0.27 x 0.15 x 0.06 mm 
  
      Theta range for data collection   6.19 to 66.91 deg. 
  
      Limiting indices                  -8<=h<=8, -13<=k<=15, -8<=l<=9 
  
      Reflections collected / unique     6835 / 1251 [R(int) = 0.0487] 
  
      Completeness to theta = 66.91      99.0 % 
  
      Absorption correction                   Numerical 
  
      Max. and min. transmission          0.2307 and 0.0355 
  
      Refinement method                       Full-matrix least-squares on F2 
  
      Data / restraints / parameters         1251 / 0 / 65 
  
      Goodness-of-fit on F2                    1.159 
  
      Final R indices [I>2sigma(I)]        R1 = 0.0290, wR2 = 0.0785 
  
      R indices (all data)                         R1 = 0.0294, wR2 = 0.0788 
  
      Largest diff. peak and hole             0.819 and -1.303 e.A-3 
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Table 5.2: Carbon, hydrogen, nitrogen analysis of 18. 
Element % Mass (Theoret.) 
C 18.34 (18.37) 
H 3.37 (3.47) 
N 5.32 (5.35) 
CuI by TGA 75.05 (72.81) 
 
Figure 4.5: Network and packing diagram for 18. Hydrogen atoms omitted for clarity. 
 
Figure 4.6: Structural unit view of 18. Hydrogen atoms omitted for clarity. 
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Figure 4.7: a) X-ray powder pattern of reflux product (Cu2I2)(Et2Pip) (7). b) Calculated 
powder pattern (Cu2I2)(Et2Pip) (18). 
a) Operations: Y Scale Add 221 | Background 0.214,1.000 | Import
File: CuI2Et2Pip.raw - Type: Detector - Start: 3.420 ° - End: 101.790 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 3.420 ° - Theta: 173.000 ° - Chi: 54.74 ° - Phi:
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CuBr N,N'-Dimethylpiperazine Networks 
 As the first CuBr structure discussed in this paper, it is important to note that 
producing CuBr networks has been more difficult than CuI materials. In general however, 
the symmetrical ligands, including Me2Pip, have shown strong coordinating 
characteristics with both copper(I) bromide and iodide. The complex discussed below, 
(Cu2Br2)(Me2Pip) (12), self-assembled in the space group C2/c with unit parameters 
listed in Table 5.3. The monoclinic crystal consisted of inorganic Cu4Br4 cubane nodes, 
as illustrated in Figure 4.8. In a visual comparison of Figure 4.9 with 4.2, the spatial 
organization of 12 is very similar to that of 4. In addition, the unit parameters of 12 and 4 
are extremely similar to one another, indicating similar porosity. The 3-dimensional 
nature of 12 is depicted in Figure 5.0. The packing diagram in Figure 5.0 is shown at 
such an angle that the Cu4Br4 cubane units are aligned by their 2-dimensional sheet 
connectivity. These sheets extend into the plane of the page however. N,N'-
Dimethylpiperazine, the bridging ligand, links the 2-dimensional sheets along the a-axis 
giving the 3rd and final dimension to the framework. 
  Looking at the cubane units more closely, four independent Cu and iodide atoms 
were identified, with the Cu metal centers exhibiting distorted 4-coordinate geometry. 
Each copper is bonded to three iodide atoms and one nitrogen atom from the bridging N-
N'-dimethylpiperazine. Angles about the 4-coordinate copper range from 103.56(2) to 
122.74(7)°. The Cu–Br bond lengths range from 2.5014(5) to 2.5975(6) Å. There are also 
Cu···Cu interactions within the nodes. Measured distances ranged from Cu1···Cu2 = 
2.6234(6) to Cu1···Cu2 = 2.8006(5) Å, all of which are less than the sum of van der 
Waals copper radii, indicating significant metal center interactions. Elemental analyses of 
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24 can be found in Table 5.4. We hypothesized that the microcrystalline powder 
produced during reflux should reflect the same phase composition as the materials 
produced by solventothermal means. Comparison of the pattern from 12 with the powder 
pattern from 24, in addition to the elemental data, reaffirms phase matching and can be 
viewed in Figure 5.1. 
 
Table 5.3: Crystallographic parameters for 12. 
       
      Identification code                      c2onc 
  
      Empirical formula                       C6 H14 Br2 Cu2 N2 
  
      Formula weight                           401.09 
  
      Temperature                                293(2) K 
  
      Wavelength                                 1.54178 Å 
  
      Crystal system, space group       Monoclinic,  C2/c 
  
      Unit cell dimensions              a = 26.2013(6) Å   alpha = 90 deg. 
                                                     b = 14.0499(3) Å    beta = 121.9660(10) deg. 
                                                     c = 13.9931(3) Å   gamma = 90 deg. 
  
      Volume                                       4370.10(17) Å3 
  
      Z, Calculated density                  16,  2.438 Mg/m3 
  
      Absorption coefficient                12.973 mm-1 
  
      F(000)                                          3072 
  
      Crystal size                                   0.22 x 0.11 x 0.05 mm 
  
      Theta range for data collection     3.72 to 66.99 deg. 
  
      Limiting indices                  -27<=h<=31, -15<=k<=16, -16<=l<=15 
  
      Reflections collected / unique      10860 / 3825 [R(int) = 0.0246] 
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      Completeness to theta = 66.99      97.9 % 
  
      Absorption correction                   Numerical 
  
      Refinement method                      Full-matrix least-squares on F2 
  
      Data / restraints / parameters       3825 / 0 / 221 
  
      Goodness-of-fit on F2                  1.108 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0199, wR2 = 0.0485 
  
      R indices (all data)                      R1 = 0.0220, wR2 = 0.0494 
  
      Largest diff. peak and hole          0.427 and -0.732 e.Å-3 
 
Table 5.4: Carbon, hydrogen, nitrogen analysis of 24. 
Element % Mass (Theoret.) 
C 18.11 (17.97) 
H 3.33 (3.52) 
N 6.72 (6.98) 
CuI by TGA 72.13 (71.53) 
 
Figure 4.8: Structural view of 12. Hydrogen atoms omitted for clarity. 
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Figure 4.9: Network and packing diagram for 12 along c-axis. Hydrogen atoms omitted 
for clarity. 
 
 
Figure 5.0: Network and packing diagram for 12 offset from b-axis. Hydrogen atoms 
omitted for clarity. 
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Figure 5.1: a) X-ray powder pattern of (Cu2Br2)(Me2Pip) (24) reflux. b) Generated 
powder pattern (Cu2Br2)(Me2Pip) (12). 
a) Operations: Y Scale Mul  1.125 | Y Scale Add 1000 | Import
File: CuBr2Me2Pip.raw - Type: Detector - Start: 3.310 ° - End: 101.740 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 3.310 ° - Theta: 173.000 ° - Chi: 54.74 ° - 
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CuBr N-Methylpiperazine Networks 
 The (Cu4Br4)(MePip)2, 13 network is one of the more complex structures 
discussed in this thesis. Symmetry, as previously discussed, seems to play an important 
role in the self-assembly of these materials. The following substance coordinates an 
unsymmetrical diamine ligand which may contribute to the susceptibility of this material 
to oxidation and decomposition under atmospheric conditions. Compound 13 forms a 3-
dimensional framework that formed in the orthorhombic space group Fdd2 and exhibited 
an interesting cubane-like inorganic node. The unit parameters for 13 can be found in 
Table 5.5. The inorganic node is not strictly that of a cubane, however, since a corner of 
the node in which a Cu atom would normally be positioned is missing. This arrangement 
results in the presence of four crystallographically independent Cu and iodide atoms. The 
Cu1 center shows distorted 3-coordination geometry while Cu2, Cu3, and Cu4 all show 
distorted 4-coordination geometry, as illustrated in Figure 5.2. Bond angles around Cu1 
range from 99.6(1) to 156.9(2)° but add up to approximately 359.7°, indicating that the 3-
coordinate geometry is slightly distorted. Atoms Br2 and Br3 coordinate two Cu atoms 
with angles of approximately 67.19°. Atom Br1 bonds to three Cu atoms, with angles 
ranging from approximately 55.59 to 70.51°. Finally, atom Br4 is different still, having 
severely distorted 4-coordinate geometry. Bond angles around Br4 range from 69.50(3) 
to 142.20(4)°.  
To give a better overall picture, a full 3-dimensional view of 13 is given in Figure 
5.4. From this diagram, Cu···Cu interactions can be viewed. The observed interactions 
include Cu2···Cu4, and Cu3···Cu4 with distances 2.743(1) and 2.810(1) Å respectively. 
While the distances are not the shortest observed in these types of complexes, they do 
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indicate that some significant interactions are occurring since both distances are 
approximately less than or equal to the sum of van der Waals copper radii. The 
coordination of N'-methylpiperazine is also interesting. The methylated nitrogen 
coordinates to the inorganic node in the axial orientation of the 6-membered piperazine 
ring, while the non-methlyated nitrogen coordinates in equatorial fashion (Figure 5.3). 
Carbon, hydrogen, nitrogen and TGA analyses of 23 (Table 5.6) are interesting since 
they do not indicate an exact phase match to the physical composition of 13. The results 
for 23 are close to theoretical predictions, but the deviations are most likely due to the 
presence of other phases. Visual comparison of the calculated powder pattern for 13 with 
the powder pattern from 23, Figure 5.1, reaffirms the mixing of phases, since the powder 
patterns do not correlate well.  
 
Table 5.5: Crystallographic parameters for 13. 
      Identification code                    fdd2 
  
      Empirical formula                    C5 H12 Br2 Cu2 N2 
  
      Formula weight                        387.07 
  
      Temperature                             296(2) K 
  
      Wavelength                              1.54178 Å 
  
      Crystal system, space group       Orthorhombic,  Fdd2 
  
      Unit cell dimensions              a = 33.4094(14) Å   alpha = 90 deg. 
                                                     b = 37.0836(16) Å    beta = 90 deg. 
                                                     c = 6.5516(3) Å   gamma = 90 deg. 
  
      Volume                                     8117.0(6) Å3 
  
      Z, Calculated density                32,  2.534 Mg/m3 
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      Absorption coefficient              13.933 mm-1 
  
      F(000)                                       5888 
  
      Crystal size                               0.27 x 0.17 x 0.12 mm 
  
      Theta range for data collection   3.56 to 66.93 deg. 
  
      Limiting indices                  -39<=h<=39, -44<=k<=44, -6<=l<=7 
  
      Reflections collected / unique    33694 / 3171 [R(int) = 0.0394] 
  
      Completeness to theta = 66.93     99.0 % 
  
      Absorption correction                  Numerical 
  
      Max. and min. transmission         0.2748 and 0.1196 
  
      Refinement method                 Full-matrix least-squares on F2 
  
      Data / restraints / parameters        3171 / 1 / 203 
  
      Goodness-of-fit on F2                   1.085 
  
      Final R indices [I>2sigma(I)]       R1 = 0.0247, wR2 = 0.0585 
  
      R indices (all data)                        R1 = 0.0249, wR2 = 0.0586 
  
      Absolute structure parameter        0.98(3) 
  
      Extinction coefficient                    0.000064(3) 
  
      Largest diff. peak and hole            0.643 and -0.861 e.Å-3 
 
Table 5.6: Carbon, hydrogen, nitrogen analysis of 23. 
Element % Mass (Theoret.) 
C 17.95 (15.52) 
H 3.50 (3.12) 
N 8.01 (7.24) 
CuI by TGA 68.68 (74.121) 
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Figure 5.2: Structure view of 13. Hydrogen atoms omitted for clarity. 
 
Figure 5.3: Structural view of 13 demonstrating axial and equatorial coordination 
position. Hydrogen atoms omitted for clarity. 
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Figure 5.4: Network and packing diagram of 13. Hydrogen atoms omitted for clarity. 
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Figure 5.5: a) X-ray powder pattern of (Cu2Br2)4(MePip)2 (23) reflux. b) Calculated 
powder pattern (Cu2Br2)4(MePip)2 (13). 
a) Operations: Y Scale Mul  1.250 | ImportFile: CuBr4Mepip2.raw - Type: Detector - Start: 3.960 ° - End: 101.820 ° - Step: 0.030 ° - Step time: 180. s - Temp.: 25 °C (Room) - Time Started: -1 s - 2-Theta: 3.960 ° - Theta: 173.000 ° - Chi: 54.74 ° - 
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Luminescence Results 
Excitation spectra in the UV-Vis range were recorded for all reflux products.  
Luminescent data for aliphatic compounds are given in Table 5.7.  Maximum excitation 
response wavelengths were identified, typically in the UV range, as was expected from 
the majority of colorless reflux products.  Using the wavelength of maximum excitation 
for each compound, emission spectra were recorded.   Luminescent data for aliphatic 
compounds was recorded with the instrument detector voltage set at 680–775 V, 
depending upon the material, and optical slits at 2.5 nm. Neither copper(I) bromide nor 
copper(I) iodide show excitation spectra in the UV range. In some cases, networks 
incorporating copper(I) bromide showed no luminescence behavior.  Principal exceptions 
to this trend were networks containing piperazine, N,N'-dimethylpiperazine, and HMTA 
rings. Structures (Cu2Br2)(Pip) (22), (Cu2Br2)(Me2Pip) (24), and (Cu2Br2)(HMTA) (27), 
each show modest luminescence. In contrast to the copper(I) bromide complexes, all 
copper(I) iodide networks showed modest luminescence.  Luminescence intensity was 
found to be variable without exhibiting any clear correlation to ligand or halide. 
 
Table 5.7: Luminescence results for CuBr and CuI diamine compounds 
Complexa Complex 
Visible Color 
λmax  
excitation 
(nm) 
λmax 
emissionb 
(nm) 
Relative 
emission 
intensity 
(Cu2I2)(Pip) (14) White/gray 397c 567c ----- 
(Cu2I2)(MePip) (15) Pale green 269 457, 564* 54 
(Cu2I2)(Me2Pip) (16) white 281 520 602 
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(Cu2I2)(EtPip) (17) light green ----- ----- ----- 
(Cu2I2)(Et2Pip) (18) white 281 446 932 
(Cu2I2)(HMTA) (19) white ----- ----- ----- 
(Cu4I4)(DABCO)2 (20) white/gray 281 526 144 
(Cu4I4)(HMTA) (21) white 319 567 48 
(Cu2Br2)(Pip) (22) gray 364 576 19 
(Cu2Br2)(Me2Pip) (24) pale green 338 569 67 
aOther complexes had no luminescence response. bMore intense band indicated by *. cRef 
18. 
 
Discussion: 
 Aqueous crystallization produced four novel piperizinium chlorocuprates(I). 
Structural determination of the crystals revealed an interesting variety of polyanions with 
varied stoichiometries that in some cases differed from their reactant ratios. In addition, 
the networks’ spatial properties ranged from simple 1D chains to 3D frameworks. Most 
notable is network 1B, which is a very rare example of a chlorocuprate 2D sheet 
structure. In addition, networks 2 and 3 are relatively unusual examples of linking 
polyhedral nodes that form ribbon structures. The synthesis of 1A, 1B, 2 and 3 however, 
occurred in low yields. While we have not investigated alternative methods for growing 
these crystals, it would be useful information to have in order to optimize the production 
of these networks.   
 By means of solvent-reflux, it proved possible to produce useful quantities of 
many CuI and CuBr networks containing various diamine ligands in good yield. In the 
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majority of cases, the reflux yield was significantly higher than that of the 
solventothermal reactions. The few reflux products that produced low yields were from 
reactions incorporating the unsymmetrical N'-methylpiperazine and N'-ethylpiperazine. It 
was also possible to determine the physical structure of these complex networks via X-
ray crystallography. However, it is important to note that not all products listed in the 
Experimental Section produced X-ray quality crystals. From the X-ray diffraction of 
these networks, two major CuX:Ligand stoichiometeries were found. These ratios 
(CuX:Ligand) were 2:1 and 4:2 which reflect the reactant ratios, or a multiple of the 
reaction ratios, used during reflux and solventothermal experiments. 
 Solventothermal reactions were performed at two different ratios, 
depending on the ligand, with the purpose of producing X-ray quality crystals of 
products, which were formed only as microcrystalline via aqueous reflux.  In many cases, 
the product of hydrothermal reaction proved to be the same as that of aqueous reflux. It 
might be possible to produce other products by tuning the reactant stoichiometry. It might 
also be possible to discover additional products from these reactants by adjustment of 
reaction time or temperature. 
 Reflux reactions with DABCO in particular, illustrated an interesting reaction 
progression. The 2:1 reflux reaction with DABCO demonstrated that there may be a 
uniform kinetic product accessible through short reaction times. Because of the observed 
differences between products of reflux and hydrothermal reactions for copper(I) bromide 
complexes, as well as the fact that many of the lower ratio solventothermal reactions led 
to decomposition, it is clear that aqueous reflux provides a pathway to synthesizing many 
phases not available via solventothermal methods.   
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 There are a variety of structural types exemplified in the networks characterized 
during this study.   Because of this variety, it is difficult to predict structure based merely 
upon stoichiometry and/or type of ligand. Structures range from simple chains to 
complex 3D networks. Complexes 4, 5, 12 and 18 show the 2:1 ratio while networks 8 
and 13 exhibit the 4:2 ratio. Structures 4 and 12 both coordinate the symmetrical Me2Pip 
with inorganic Cu2X2 cubane nodes, producing 3D frameworks. In contrast, the 
unsymmetrical MePip ligand resulted in an unusual cubane-like node that displaced a 
coordinated copper atom outside of the inorganic cluster. Structure 13, on the other hand, 
showed the same 4:2 ratio as 8, but exhibited normal inorganic cubane formation. This 
phenomenon could be related to the symmetry difference between the ligands.  
Symmetrical ligands may induce tighter binding of the network sheets and layers which 
will tend to limit the size of the pores in the network and the available space around the 
Cu for further coordination. As stated before, MePip was the coordinated ligand in 8 
while DABCO, a symmetrical ligand with a 3-fold rotation axis, was used in structure 13. 
Showing different solid structures than the cubane template were structures 5 and 18. 
Both of these networks coordinated symmetrical ligands, but these differed in their 
nitrogen alkyl substituents. Piperazine, utilized in structure 5, does not have substituents 
and resulted in castellated Cu2I2 chains. These chains were linked into a 3D framework by 
the piperazine molecules. The structure’s independent iodide atoms show trigonal 
pyramidal geometry that links the tetrahedral Cu atoms. These geometries result in the 
castellated chain which is different from the known zigzag and staircase formations seen 
previously in Figure 3.7a. Structure 18, the only reflux product to form an X-ray quality 
crystalline product, is the simplest of the complexes. Network 18 is a 1D chain with 
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rhombus nodes. The decrease in complexity of this structure cannot be attributed to any 
one factor, but a noteworthy feature of many of these structures in general is the 
coordinative diversity shown by the iodide and bromide groups, which sometimes 
coordinate to more than two Cu atoms.  Often, iodide and bromide groups bridge three or 
even four Cu centers; although in these cases, it should be noted that that bridging is not 
symmetrical, the additional bridging bonds being longer and weaker.  A third sort of 
interaction that appears frequently in these structures is a stabilizing interaction between 
Cu atoms themselves.  This “cuprophilic” bonding is well-known and stems from the d10 
electron configuration of the metal.27 
In the structures of 2, 4, 5, 8, 12, 13, and 18, the length of these Cu···Cu 
interactions illustrate more than just weak van der Waals interactions. These interactions 
typically occur between two Cu centers in a dimer or cubane tetramer formation. There is 
a lack of agreement in the literature as to what is signified by the cuprophilic bonding. In 
some cases the proximity of the copper atoms can readily be explained as the simple 
outcome of geometric constraints which force the metal atoms together. In such cases, the 
close Cu···Cu is probably spurious. However, in certain cases, such geometric factors are 
lacking. Orbital overlap in these cases has been thought to give rise to inter-metal 
electron transitions. Researchers have assigned these transitions to spectroscopic bands in 
some cases.28 
With regard to product color, most of the copper(I) reflux products were colorless. 
Copper(I) bromide products tended to have a slight green color, which is most likely due 
to the oxidation of Cu+ to Cu2+. The formation of colorless Cu(I) reflux products with 
aliphatic amines is due to the lack amine delocalized pi systems. Visible colors are 
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explained by MLCT, which is facilitated by the low energy pi* of the delocalized pi 
systems in aromatic ligands. Since the ligands used in this study were aliphatic, MLCT 
cannot occur, resulting in colorless reflux products.  
Luminescence spectroscopy results for the reflux products were interesting due to 
the tendency to show emission wavelengths in the green region of the spectrum. The 
exception to this trend was 18 which showed emissions in the violet region. Compound 
18, the only 1D network described, incorporated N,N'-diethylpiperazine as the bridging 
ligand, a fact which may be responsible for the blue shift.  However, no clear pattern can 
emerge without a better understanding of the orbital structure of these complexes. Metal 
to ligand charge transfer is an unlikely photophysical mechanism because non-aromatic 
ligands do not have π* LUMOs.  More likely are cluster centered or metal centered 
transitions. However, it is clear that intensity can be attributed to the ligand used. 
Structures 16, 18, and 20 exhibited the highest relative intensities; all of these 
coordinated CuI with symmetrical aliphatic diamines. The CuI and CuBr complexes with 
unsymmetrical ligands and HMTA showed low intensity emission bands. Generally 
speaking, CuBr complexes showed little luminescent activity in comparison to CuI reflux 
products.  
 
 
 
 
 
 
 77 
Conclusion: 
This study has demonstrated the synthesis of a variety of metal-organic networks 
containing copper(I) chloride, copper(I) iodide or copper(I) bromide via aqueous 
crystallization, reflux, as well as solventothermal reactions.  These polymeric copper 
networks have been synthesized using Lewis basic diamine ligands.  Solvent-reflux 
conditions produced useful quantities of uniform products in good yield, without the use 
of harsh reaction conditions, demonstrating that reflux is a more efficient method of 
synthesis for this type of compounds.  Two product stoichiometries were encountered, 
including CuX:L (X = I or Br) ratios of 2:1 and 4:2. Cu:L ratios for copper(I) chloride 
complexes included 2:1, 3:1, and 4:1. It is clear that the stoichiometry of the product 
depends on the organic ligand used, but there is insufficient evidence to describe the 
mechanism of this outcome. Though some of these networks had previously been 
characterized, reflux yielded many novel microcrystalline products and one X-ray quality 
crystalline product.  Solventothermal reactions also produced the majority of CuI and 
CuBr networks.  Solventothermal conditions were primarily employed in order to grow 
crystals, helping to illuminate the products of reflux syntheses. These reactions with 
CuBr frequently showed different stoichiometries/phases than those of reflux at the same 
CuBr:L reactant ratio. This difference made it difficult to properly characterize the phases 
and solid structure for many of the CuBr products. On the other hand, CuI 
solventothermal reactions closely paralleled the corresponding reflux products, proving 
that the two conditions investigated are complimentary in the search for new CuI 
networks.   
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Both reflux and solventothermal reactions resulted in X-ray quality crystals of 
some networks.  From these, it was possible to solve the structures of ten new networks.  
These structures varied greatly in dimensionality, copper coordination sphere, and other 
aspects.  However, some characteristic trends were found, including the formation of 
bonded copper atoms in Cu4X4 cubane units in some structures and the formation of 
unusual solid structures with unsymmetrical aliphatic ligands.  These basic characteristics 
of the networks are also found in CuX (X = Cl, I, or Br) networks with similar ligands 
and have been noted in other studies.  However, structure 1B exhibits rare structural 
characteristics including a 2D sheet formation that is not seen often in chlorocuprates. In 
addition, structures 5, 8, 12, 13, and 18 feature very short Cu…Cu interactions and a 
folded Cu2X2 dimer formations within cubane units, chains or as independent dimer units.  
Additionally, porosity of the networks elucidated in this study have potential for 
molecular or gas exchange.  These networks warrant further study of their catalytic and 
gas adsorption abilities. 
 This study has also demonstrated the luminescent character of CuI and CuBr 
networks.  In general, the addition of aliphatic diamine ligands has a strong effect on the 
luminescence of these complexes, especially in the case of 18.  The use of these ligands 
with Cu(I) produces compounds with strong luminescent emission shifted into the visible 
region, most notably in the green region.  Both the ligand used and the stoichiometry of 
the network can be used to influence the intensity as well as the frequency of 
luminescence.  It is necessary to learn more about the structures of these networks in 
order to better predict the effect of stoichiometry and ligand on luminescence. 
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APPENDIX:  
Crystallographic Data 
 
Crystallographic Data for 1A 
 
Table 3.  Bond lengths [Å] and angles [deg] for 1A. 
_____________________________________________________________ 
 
Cu(1)-Cl(1)#1                 2.3234(12) 
Cu(1)-Cl(2)#2                 2.3797(13) 
Cu(1)-Cl(2)                   2.4052(13) 
Cu(1)-Cl(1)                   2.4103(13) 
Cu(1)-Cu(1)#1                 2.9645(16) 
Cl(1)-Cu(1)#1                 2.3234(12) 
Cl(2)-Cu(1)#3                 2.3796(13) 
N(1)-C(2)                     1.482(6) 
N(1)-C(1)                     1.485(5) 
N(1)-H(1)                     0.89(6) 
N(1)-H(2)                     0.76(6) 
C(1)-C(2)#4                   1.510(6) 
C(1)-H(3)                     0.96(6) 
C(1)-H(4)                     0.92(5) 
C(2)-C(1)#4                   1.510(6) 
C(2)-H(5)                     1.00(5) 
C(2)-H(6)                     0.96(5) 
 
Cl(1)#1-Cu(1)-Cl(2)#2       114.43(5) 
Cl(1)#1-Cu(1)-Cl(2)         109.16(5) 
Cl(2)#2-Cu(1)-Cl(2)         115.25(4) 
Cl(1)#1-Cu(1)-Cl(1)         101.98(4) 
Cl(2)#2-Cu(1)-Cl(1)         107.63(5) 
Cl(2)-Cu(1)-Cl(1)           107.30(5) 
Cl(1)#1-Cu(1)-Cu(1)#1        52.55(3) 
Cl(2)#2-Cu(1)-Cu(1)#1       118.67(3) 
Cl(2)-Cu(1)-Cu(1)#1         125.68(3) 
Cl(1)-Cu(1)-Cu(1)#1          49.93(3) 
Cu(1)#1-Cl(1)-Cu(1)          77.53(4) 
Cu(1)#3-Cl(2)-Cu(1)         149.03(6) 
C(2)-N(1)-C(1)              112.6(4) 
C(2)-N(1)-H(1)              109(3) 
C(1)-N(1)-H(1)              109(3) 
C(2)-N(1)-H(2)              115(4) 
C(1)-N(1)-H(2)              107(4) 
H(1)-N(1)-H(2)              104(5) 
N(1)-C(1)-C(2)#4            109.9(4) 
N(1)-C(1)-H(3)              105(3) 
C(2)#4-C(1)-H(3)            111(3) 
N(1)-C(1)-H(4)              110(3) 
C(2)#4-C(1)-H(4)            109(3) 
H(3)-C(1)-H(4)              112(4) 
N(1)-C(2)-C(1)#4            109.4(4) 
N(1)-C(2)-H(5)              107(3) 
C(1)#4-C(2)-H(5)            111(3) 
N(1)-C(2)-H(6)              106(3) 
C(1)#4-C(2)-H(6)            111(3) 
H(5)-C(2)-H(6)              113(4) 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,y,-z+3/2    #2 -x+1/2,y+1/2,z 
#3 -x+1/2,y-1/2,z    #4 -x+2,-y+1,-z+1 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 1A. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
 2 
_______________________________________________________________________ 
 
Cu(1)    40(1)      58(1)      34(1)       3(1)       3(1)      -2(1) 
Cl(1)    24(1)      23(1)      22(1)      -2(1)       1(1)       0(1) 
Cl(2)    28(1)      24(1)      38(1)       0(1)       2(1)       6(1) 
N(1)     27(2)      16(2)      35(2)      -1(2)       5(2)      -2(2) 
C(1)     24(2)      24(2)      35(2)      -1(2)       9(2)      -2(2) 
C(2)     30(2)      23(2)      27(2)      -3(2)       7(2)       2(2) 
_______________________________________________________________________ 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (^Å 2 x 103) for 1A. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1)        10680(60)      3010(70)      5360(40)      40(15) 
H(2)         9720(50)      2400(70)      4800(40)      23(13) 
H(3)         8230(60)      4320(70)      5060(40)      39(14) 
H(4)         8690(40)      3500(60)      6080(30)      15(10) 
H(5)         9720(50)      4430(60)      3610(30)      25(12) 
H(6)        11200(50)      3590(60)      3770(40)      26(12) 
________________________________________________________________ 
 
Table 6.  Hydrogen bonds for pbcn [Å and deg.]. 
________________________________________________________________________
____ 
 
D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA) 
 
N(1)-H(2)...Cl(2)#5          0.76(6)     2.98(5)     3.420(4)    120(4) 
N(1)-H(2)...Cl(1)#6          0.76(6)     2.71(5)     3.177(4)    121(4) 
N(1)-H(2)...Cl(1)#5          0.76(6)     2.62(5)     3.171(4)    131(4) 
N(1)-H(1)...Cl(2)#7          0.89(6)     2.33(6)     3.209(4)    170(5) 
________________________________________________________________________
____ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,y,-z+3/2    #2 -x+1/2,y+1/2,z    #3 -x+1/2,y-1/2,z 
#4 -x+2,-y+1,-z+1    #5 -x+1,-y+1,-z+1    #6 x+1,y-1,z 
#7 -x+3/2,y-1/2,z 
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Crystallographic Data for 1B 
 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 1B. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
Cu(1)        7564(1)       5170(1)       9992(1)       32(1) 
Cl(1)        8321(1)       3308(1)       7516(1)       23(1) 
Cl(2)        4653(1)       2655(1)      11147(1)       21(1) 
N(1)         2410(4)      10151(3)       6296(3)       20(1) 
C(1)          254(5)       8965(4)       6840(4)       21(1) 
C(2)        -2051(5)       8090(4)       4891(4)       19(1) 
________________________________________________________________ 
 
Table 3.  Selected bond lengths [Å] and angles [deg] for 1B. 
_____________________________________________________________ 
 
 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
 
 
Table 4.  Bond lengths [Å] and angles [deg] for 1B. 
_____________________________________________________________ 
 
Cu(1)-Cl(2)#1                 2.3466(7) 
Cu(1)-Cl(1)#2                 2.3798(7) 
Cu(1)-Cl(1)                   2.3923(7) 
Cu(1)-Cl(2)                   2.4064(7) 
Cl(1)-Cu(1)#2                 2.3798(7) 
Cl(2)-Cu(1)#1                 2.3466(7) 
N(1)-C(1)                     1.496(3) 
N(1)-C(2)#3                   1.500(3) 
N(1)-H(1)                     0.86(5) 
N(1)-H(2)                     0.88(3) 
C(1)-C(2)                     1.504(3) 
C(1)-H(3)                     0.96(4) 
C(1)-H(4)                     0.96(3) 
C(2)-N(1)#3                   1.500(3) 
C(2)-H(5)                     0.93(3) 
C(2)-H(6)                     1.00(4) 
 
Cl(2)#1-Cu(1)-Cl(1)#2       119.47(3) 
Cl(2)#1-Cu(1)-Cl(1)         119.78(3) 
Cl(1)#2-Cu(1)-Cl(1)          96.99(2) 
Cl(2)#1-Cu(1)-Cl(2)          96.45(2) 
Cl(1)#2-Cu(1)-Cl(2)         116.02(3) 
Cl(1)-Cu(1)-Cl(2)           108.97(3) 
Cu(1)#2-Cl(1)-Cu(1)          83.01(2) 
Cu(1)#1-Cl(2)-Cu(1)          83.55(2) 
C(1)-N(1)-C(2)#3            111.87(19) 
 2 
C(1)-N(1)-H(1)              111(3) 
C(2)#3-N(1)-H(1)            108(3) 
C(1)-N(1)-H(2)              110(2) 
C(2)#3-N(1)-H(2)            108(2) 
H(1)-N(1)-H(2)              107(3) 
N(1)-C(1)-C(2)              110.4(2) 
N(1)-C(1)-H(3)              107(2) 
C(2)-C(1)-H(3)              110(2) 
N(1)-C(1)-H(4)              109(2) 
C(2)-C(1)-H(4)              109(2) 
H(3)-C(1)-H(4)              111(3) 
N(1)#3-C(2)-C(1)            110.03(19) 
N(1)#3-C(2)-H(5)            111(2) 
C(1)-C(2)-H(5)              107(2) 
N(1)#3-C(2)-H(6)            108(2) 
C(1)-C(2)-H(6)              110(2) 
H(5)-C(2)-H(6)              111(3) 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+2    #2 -x+2,-y+1,-z+2 
#3 -x,-y+2,-z+1 
 
Table 5.  Anisotropic displacement parameters (Å 2 x 103) for 1B. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
Cu(1)    28(1)      35(1)      37(1)       3(1)      11(1)      16(1) 
Cl(1)    18(1)      25(1)      23(1)      -8(1)       3(1)       8(1) 
Cl(2)    22(1)      21(1)      20(1)       6(1)       6(1)      12(1) 
N(1)     16(1)      20(1)      19(1)       2(1)       1(1)       8(1) 
C(1)     22(1)      21(1)      17(1)       7(1)       5(1)       8(1) 
C(2)     18(1)      16(1)      20(1)       3(1)       4(1)       5(1) 
_______________________________________________________________________ 
 
Table 6.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for p1bar. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1)         3730(80)     10690(60)      7400(70)      45(11) 
H(2)         2640(60)      9290(50)      5520(50)      20(7) 
H(3)          580(60)      7830(50)      7530(50)      31(8) 
H(4)           60(60)      9910(50)      7740(50)      27(8) 
H(5)        -3340(60)      7460(50)      5320(50)      20(7) 
H(6)        -1920(70)      7050(60)      3950(60)      36(9) 
 2 
________________________________________________________________ 
 
Table 7.  Hydrogen bonds for p1bar [Å and deg.]. 
________________________________________________________________________
____ 
 
D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA) 
 
N(1)-H(2)...Cl(1)#4          0.88(3)     2.48(3)     3.307(2)    158(3) 
N(1)-H(1)...Cl(2)#5          0.86(5)     2.67(4)     3.306(2)    132(3) 
N(1)-H(1)...Cl(1)#5          0.86(5)     2.78(4)     3.361(2)    126(3) 
N(1)-H(1)...Cl(2)#1          0.86(5)     2.87(4)     3.242(2)    108(3) 
________________________________________________________________________
____ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+2    #2 -x+2,-y+1,-z+2    #3 -x,-y+2,-z+1 
#4 -x+1,-y+1,-z+1    #5 x,y+1,z 
 
Crystallographic Data for 2 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (A2 x 103) for 2. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
Cu(1)        5125(1)       3445(1)       9308(1)       19(1) 
Cu(2)        1795(1)       4534(1)      10545(1)       31(1) 
Cu(3)        3122(1)       6206(1)       7422(1)       23(1) 
Cl(1)        7661(1)       3116(1)      10350(1)       16(1) 
Cl(2)        3392(1)       2069(1)      10856(1)       19(1) 
Cl(3)        5716(1)       4400(1)       6889(1)       15(1) 
Cl(4)         670(1)       5197(1)       7660(1)       17(1) 
Cl(5)        2914(1)       8476(1)       5504(1)       16(1) 
N(1)         9132(4)       9093(3)       2945(3)       13(1) 
N(2)         6697(4)       7228(3)       3962(3)       14(1) 
C(1)         9488(4)       7631(4)       4174(4)       16(1) 
C(2)         7762(4)       7317(4)       4995(4)       15(1) 
C(3)         6349(5)       8669(4)       2722(4)       16(1) 
C(4)         8078(4)       8993(4)       1910(4)       15(1) 
 3 
C(5)        10803(4)       9492(4)       2168(4)       17(1) 
________________________________________________________________ 
 
Table 3.  Bond lengths [Å] and angles [deg] for 2. 
_____________________________________________________________ 
 
Cu(1)-Cl(2)                   2.2265(10) 
Cu(1)-Cl(3)                   2.2363(9) 
Cu(1)-Cl(1)                   2.3704(10) 
Cu(1)-Cu(2)                   2.7109(8) 
Cu(1)-Cu(3)                   2.8751(8) 
Cu(2)-Cl(2)                   2.2510(10) 
Cu(2)-Cl(1)#1                 2.2928(10) 
Cu(2)-Cl(4)#2                 2.3527(10) 
Cu(2)-Cu(2)#2                 3.0584(14) 
Cu(3)-Cl(3)                   2.3255(9) 
Cu(3)-Cl(5)                   2.3392(10) 
Cu(3)-Cl(1)#1                 2.3797(10) 
Cu(3)-Cl(4)                   2.4195(10) 
Cl(1)-Cu(2)#1                 2.2929(10) 
Cl(1)-Cu(3)#1                 2.3797(10) 
Cl(4)-Cu(2)#2                 2.3528(10) 
N(1)-C(5)                     1.497(4) 
N(1)-C(1)                     1.503(4) 
N(1)-C(4)                     1.505(4) 
N(1)-H(1)                     0.9300 
N(2)-C(3)                     1.496(4) 
N(2)-C(2)                     1.504(4) 
N(2)-H(2C)                    0.9200 
N(2)-H(2D)                    0.9200 
C(1)-C(2)                     1.518(5) 
C(1)-H(1A)                    0.9900 
C(1)-H(1B)                    0.9900 
C(2)-H(2A)                    0.9900 
C(2)-H(2B)                    0.9900 
C(3)-C(4)                     1.520(5) 
C(3)-H(3A)                    0.9900 
C(3)-H(3B)                    0.9900 
C(4)-H(4A)                    0.9900 
C(4)-H(4B)                    0.9900 
C(5)-H(5A)                    0.9800 
C(5)-H(5B)                    0.9800 
C(5)-H(5C)                    0.9800 
 
Cl(2)-Cu(1)-Cl(3)           137.84(4) 
Cl(2)-Cu(1)-Cl(1)           111.20(4) 
Cl(3)-Cu(1)-Cl(1)           106.99(3) 
Cl(2)-Cu(1)-Cu(2)            53.15(3) 
Cl(3)-Cu(1)-Cu(2)           117.11(3) 
Cl(1)-Cu(1)-Cu(2)           122.36(3) 
Cl(2)-Cu(1)-Cu(3)           111.77(3) 
Cl(3)-Cu(1)-Cu(3)            52.33(3) 
Cl(1)-Cu(1)-Cu(3)           127.50(3) 
Cu(2)-Cu(1)-Cu(3)            66.74(2) 
Cl(2)-Cu(2)-Cl(1)#1         136.73(4) 
Cl(2)-Cu(2)-Cl(4)#2         112.02(4) 
Cl(1)#1-Cu(2)-Cl(4)#2       105.70(4) 
Cl(2)-Cu(2)-Cu(1)            52.33(3) 
Cl(1)#1-Cu(2)-Cu(1)          85.63(3) 
Cl(4)#2-Cu(2)-Cu(1)         159.67(4) 
Cl(2)-Cu(2)-Cu(2)#2         116.59(4) 
Cl(1)#1-Cu(2)-Cu(2)#2        98.03(3) 
Cl(4)#2-Cu(2)-Cu(2)#2        64.70(3) 
Cu(1)-Cu(2)-Cu(2)#2         131.48(4) 
Cl(3)-Cu(3)-Cl(5)           108.25(3) 
Cl(3)-Cu(3)-Cl(1)#1         124.04(4) 
Cl(5)-Cu(3)-Cl(1)#1         107.44(4) 
Cl(3)-Cu(3)-Cl(4)           107.96(4) 
Cl(5)-Cu(3)-Cl(4)           110.92(4) 
Cl(1)#1-Cu(3)-Cl(4)          97.58(3) 
Cl(3)-Cu(3)-Cu(1)            49.56(2) 
Cl(5)-Cu(3)-Cu(1)           151.99(3) 
Cl(1)#1-Cu(3)-Cu(1)          80.45(3) 
Cl(4)-Cu(3)-Cu(1)            94.08(3) 
Cu(2)#1-Cl(1)-Cu(1)         104.53(4) 
Cu(2)#1-Cl(1)-Cu(3)#1        82.31(3) 
Cu(1)-Cl(1)-Cu(3)#1         111.56(4) 
Cu(1)-Cl(2)-Cu(2)            74.52(3) 
Cu(1)-Cl(3)-Cu(3)            78.11(3) 
Cu(2)#2-Cl(4)-Cu(3)         123.52(4) 
C(5)-N(1)-C(1)              111.8(3) 
C(5)-N(1)-C(4)              111.8(3) 
C(1)-N(1)-C(4)              110.3(3) 
C(5)-N(1)-H(1)              107.6 
C(1)-N(1)-H(1)              107.6 
C(4)-N(1)-H(1)              107.6 
 2 
C(3)-N(2)-C(2)              111.2(3) 
C(3)-N(2)-H(2C)             109.4 
C(2)-N(2)-H(2C)             109.4 
C(3)-N(2)-H(2D)             109.4 
C(2)-N(2)-H(2D)             109.4 
H(2C)-N(2)-H(2D)            108.0 
N(1)-C(1)-C(2)              110.3(3) 
N(1)-C(1)-H(1A)             109.6 
C(2)-C(1)-H(1A)             109.6 
N(1)-C(1)-H(1B)             109.6 
C(2)-C(1)-H(1B)             109.6 
H(1A)-C(1)-H(1B)            108.1 
N(2)-C(2)-C(1)              110.0(3) 
N(2)-C(2)-H(2A)             109.7 
C(1)-C(2)-H(2A)             109.7 
N(2)-C(2)-H(2B)             109.7 
C(1)-C(2)-H(2B)             109.7 
H(2A)-C(2)-H(2B)            108.2 
N(2)-C(3)-C(4)              110.5(3) 
N(2)-C(3)-H(3A)             109.5 
C(4)-C(3)-H(3A)             109.5 
N(2)-C(3)-H(3B)             109.5 
C(4)-C(3)-H(3B)             109.5 
H(3A)-C(3)-H(3B)            108.1 
N(1)-C(4)-C(3)              110.3(3) 
N(1)-C(4)-H(4A)             109.6 
C(3)-C(4)-H(4A)             109.6 
N(1)-C(4)-H(4B)             109.6 
C(3)-C(4)-H(4B)             109.6 
H(4A)-C(4)-H(4B)            108.1 
N(1)-C(5)-H(5A)             109.5 
N(1)-C(5)-H(5B)             109.5 
H(5A)-C(5)-H(5B)            109.5 
N(1)-C(5)-H(5C)             109.5 
H(5A)-C(5)-H(5C)            109.5 
H(5B)-C(5)-H(5C)            109.5 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+2    #2 -x,-y+1,-z+2 
 
Table 4.  Anisotropic displacement parameters (A2 x 103) for 2. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
Cu(1)    16(1)      16(1)      19(1)      -2(1)       3(1)      -5(1) 
Cu(2)    26(1)      14(1)      41(1)      -5(1)      10(1)      -4(1) 
Cu(3)    22(1)      17(1)      25(1)      -6(1)       6(1)      -5(1) 
Cl(1)    18(1)      16(1)      16(1)      -3(1)      -1(1)      -7(1) 
Cl(2)    16(1)      12(1)      24(1)       0(1)       2(1)      -5(1) 
Cl(3)    12(1)      14(1)      16(1)      -2(1)       1(1)      -4(1) 
Cl(4)    11(1)      15(1)      24(1)      -5(1)       2(1)      -5(1) 
Cl(5)    14(1)      13(1)      17(1)      -5(1)       3(1)      -4(1) 
N(1)     13(2)      11(1)      13(1)      -3(1)       3(1)      -5(1) 
N(2)     10(1)      12(1)      18(2)      -3(1)       0(1)      -4(1) 
C(1)     15(2)      13(2)      16(2)       1(1)      -3(1)      -7(1) 
C(2)     16(2)      16(2)      14(2)       0(1)      -2(1)     -10(1) 
C(3)     14(2)      16(2)      17(2)      -1(1)      -2(1)      -5(1) 
C(4)     16(2)      15(2)      12(2)      -1(1)       1(1)      -6(1) 
 2 
C(5)     13(2)      16(2)      20(2)      -2(1)       3(1)      -8(1) 
_______________________________________________________________________ 
 3 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (A2 x 103) for 2. 
 
 
x             y             z           U(eq) 
 
H(1)         8446          9877          3350          16 
H(2C)        7300          6410          3598          17 
H(2D)        5638          7068          4463          17 
H(1A)       10168          7715          4854          19 
H(1B)       10205          6769          3775          19 
H(2A)        8011          6338          5784          18 
H(2B)        7077          8145          5448          18 
H(3A)        5613          9538          3105          20 
H(3B)        5689          8566          2040          20 
H(4A)        8773          8165          1459          18 
H(4B)        7827          9970          1118          18 
H(5A)       11454          9543          2875          26 
H(5B)       10513         10489          1428          26 
H(5C)       11533          8706          1692          26 
 
Table 6.  Hydrogen bonds for p1bar [Å and deg.]. 
 
D-H…A                      d(D-H)      d(H…A)    d(D…A)    <(DHA) 
 
N(1)-H(1)…Cl(5)#3          0.93        2.12        3.045(3)    172.7 
N(2)-H(2C)…Cl(4)#4         0.92        2.31        3.200(3)    163.6 
N(2)-H(2D)…Cl(5)           0.92        2.38        3.132(3)    138.3 
N(2)-H(2D)…Cl(3)#4         0.92        2.81        3.258(3)    111.1 
N(2)-H(2D)…Cl(3)           0.92        2.85        3.381(3)    118.3 
 
Symmetry transformations used to generate equivalent atoms: 
#1 –x+1,-y+1,-z+2    #2 –x,-y+1,-z+2    #3 –x+1,-y+2,-z+1 
#4 –x+1,-y+1,-z+1 
 
 
 
 
 
 
 4 
Crystallographic data for 3 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 3. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
Cu(1)        3949(1)       2724(1)       1093(1)       16(1) 
Cu(2)        5396(1)       4504(1)       1573(1)       19(1) 
Cl(1)        2968(1)       3796(1)       1422(1)       13(1) 
Cl(2)        5000          1071(1)       2500          24(1) 
Cl(3)        4033(1)       3596(1)       -642(1)       20(1) 
Cl(4)        5000          6077(1)       2500          14(1) 
C(1)         3204(2)       1460(2)       5905(2)       14(1) 
N(1)         2842(1)       1750(2)       4359(2)       13(1) 
C(3)         3633(2)       1371(2)       4269(2)       19(1) 
C(2)         2418(2)       1861(2)       6005(2)       13(1) 
________________________________________________________________ 
 
Table 3.  Bond lengths [Å] and angles [deg] for 3. 
_____________________________________________________________ 
 
Cu(1)-Cl(2)                   2.2578(6) 
Cu(1)-Cl(1)                   2.2838(5) 
Cu(1)-Cl(3)                   2.3262(5) 
Cu(1)-Cu(2)#1                 2.8616(5) 
Cu(1)-Cu(1)#1                 2.8759(6) 
Cu(1)-Cu(2)                   2.8795(4) 
Cu(2)-Cl(3)                   2.2645(5) 
Cu(2)-Cl(1)#1                 2.3051(5) 
Cu(2)-Cl(4)                   2.3241(5) 
Cu(2)-Cl(3)#2                 2.7623(6) 
Cu(2)-Cu(1)#1                 2.8616(5) 
Cl(1)-Cu(2)#1                 2.3051(5) 
Cl(2)-Cu(1)#1                 2.2578(6) 
Cl(3)-Cu(2)#2                 2.7623(6) 
Cl(4)-Cu(2)#1                 2.3241(5) 
C(1)-N(1)                     1.507(2) 
C(1)-C(2)                     1.509(3) 
C(1)-H(1A)                    0.9900 
C(1)-H(1B)                    0.9900 
N(1)-C(3)                     1.503(3) 
N(1)-C(2)#3                   1.506(2) 
N(1)-H(1)                     0.9300 
C(3)-H(3A)                    0.9800 
C(3)-H(3B)                    0.9800 
C(3)-H(3C)                    0.9800 
C(2)-N(1)#3                   1.506(2) 
C(2)-H(2A)                    0.9900 
C(2)-H(2B)                    0.9900 
 
Cl(2)-Cu(1)-Cl(1)           126.190(17) 
Cl(2)-Cu(1)-Cl(3)           117.058(19) 
Cl(1)-Cu(1)-Cl(3)           116.21(2) 
Cl(2)-Cu(1)-Cu(2)#1         100.893(15) 
Cl(1)-Cu(1)-Cu(2)#1          51.755(14) 
Cl(3)-Cu(1)-Cu(2)#1         111.390(18) 
Cl(2)-Cu(1)-Cu(1)#1          50.441(13) 
Cl(1)-Cu(1)-Cu(1)#1         109.200(18) 
Cl(3)-Cu(1)-Cu(1)#1         103.681(19) 
 2 
Cu(2)#1-Cu(1)-Cu(1)#1        60.247(10) 
Cl(2)-Cu(1)-Cu(2)           100.364(15) 
Cl(1)-Cu(1)-Cu(2)           107.470(17) 
Cl(3)-Cu(1)-Cu(2)            50.203(14) 
Cu(2)#1-Cu(1)-Cu(2)          69.222(13) 
Cu(1)#1-Cu(1)-Cu(2)          59.630(10) 
Cl(3)-Cu(2)-Cl(1)#1         132.88(2) 
Cl(3)-Cu(2)-Cl(4)           115.400(19) 
Cl(1)#1-Cu(2)-Cl(4)         107.515(16) 
Cl(3)-Cu(2)-Cl(3)#2         103.231(18) 
Cl(1)#1-Cu(2)-Cl(3)#2        96.557(18) 
Cl(4)-Cu(2)-Cl(3)#2          88.060(18) 
Cl(3)-Cu(2)-Cu(1)#1         105.804(18) 
Cl(1)#1-Cu(2)-Cu(1)#1        51.089(14) 
Cl(4)-Cu(2)-Cu(1)#1          94.066(15) 
Cl(3)#2-Cu(2)-Cu(1)#1       146.612(16) 
Cl(3)-Cu(2)-Cu(1)            52.115(15) 
Cl(1)#1-Cu(2)-Cu(1)         108.453(17) 
Cl(4)-Cu(2)-Cu(1)            93.601(15) 
Cl(3)#2-Cu(2)-Cu(1)         153.081(16) 
Cu(1)#1-Cu(2)-Cu(1)          60.123(13) 
Cu(1)-Cl(1)-Cu(2)#1          77.157(18) 
Cu(1)#1-Cl(2)-Cu(1)          79.12(3) 
Cu(2)-Cl(3)-Cu(1)            77.681(18) 
Cu(2)-Cl(3)-Cu(2)#2          76.769(18) 
Cu(1)-Cl(3)-Cu(2)#2         151.75(2) 
Cu(2)-Cl(4)-Cu(2)#1          89.11(3) 
N(1)-C(1)-C(2)              111.16(16) 
N(1)-C(1)-H(1A)             109.4 
C(2)-C(1)-H(1A)             109.4 
N(1)-C(1)-H(1B)             109.4 
C(2)-C(1)-H(1B)             109.4 
H(1A)-C(1)-H(1B)            108.0 
C(3)-N(1)-C(2)#3            110.73(15) 
C(3)-N(1)-C(1)              111.14(15) 
C(2)#3-N(1)-C(1)            110.27(15) 
C(3)-N(1)-H(1)              108.2 
C(2)#3-N(1)-H(1)            108.2 
C(1)-N(1)-H(1)              108.2 
N(1)-C(3)-H(3A)             109.5 
N(1)-C(3)-H(3B)             109.5 
H(3A)-C(3)-H(3B)            109.5 
N(1)-C(3)-H(3C)             109.5 
H(3A)-C(3)-H(3C)            109.5 
H(3B)-C(3)-H(3C)            109.5 
N(1)#3-C(2)-C(1)            111.49(16) 
N(1)#3-C(2)-H(2A)           109.3 
C(1)-C(2)-H(2A)             109.3 
N(1)#3-C(2)-H(2B)           109.3 
C(1)-C(2)-H(2B)             109.3 
H(2A)-C(2)-H(2B)            108.0 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2    #2 -x+1,-y+1,-z 
#3 -x+1/2,-y+1/2,-z+1 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 3. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
Cu(1)    19(1)      15(1)      17(1)       4(1)      14(1)       4(1) 
Cu(2)    15(1)      20(1)      15(1)      -4(1)       7(1)      -1(1) 
Cl(1)    12(1)      14(1)      15(1)       0(1)      10(1)       1(1) 
Cl(2)    15(1)      10(1)      24(1)       0          3(1)       0 
Cl(3)    21(1)      29(1)       9(1)      -4(1)      10(1)     -13(1) 
 2 
Cl(4)    15(1)      12(1)      12(1)       0          8(1)       0 
C(1)     15(1)      13(1)       9(1)       3(1)       6(1)       1(1) 
N(1)     14(1)      11(1)      10(1)       1(1)       7(1)       0(1) 
C(3)     20(1)      20(1)      22(1)       2(1)      16(1)       2(1) 
C(2)     15(1)      11(1)       9(1)       2(1)       6(1)      -1(1) 
_______________________________________________________________________ 
 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for 3. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1A)        3858          1910          6693          17 
H(1B)        3333           536          6104          17 
H(1)         2248          1283          3640          15 
H(3A)        4250          1891          4975          28 
H(3B)        3355          1501          3230          28 
H(3C)        3808           473          4543          28 
H(2A)        1786          1350          5284          16 
H(2B)        2689          1694          7044          16 
________________________________________________________________ 
 
Table 6.  Hydrogen bonds for 3 [Å and deg.]. 
________________________________________________________________________
____ 
 
D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA) 
 
N(1)-H(1)...Cl(1)#4          0.93        2.64        3.2848(17)  127.0 
N(1)-H(1)...Cl(3)#5          0.93        2.64        3.3094(16)  129.2 
________________________________________________________________________
____ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2    #2 -x+1,-y+1,-z    #3 -x+1/2,-y+1/2,-z+1 
#4 -x+1/2,y-1/2,-z+1/2    #5 -x+1/2,-y+1/2,-z 
 
Crystallographic data for 4 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 4. 
 3 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
I(1)         1965(1)       1019(1)       1753(1)       17(1) 
I(2)         1702(1)       4237(1)       1696(1)       16(1) 
I(3)          545(1)       2268(1)       -920(1)       16(1) 
I(4)          775(1)       2490(1)       2532(1)       17(1) 
Cu(1)        1626(1)       2646(1)        615(1)       18(1) 
Cu(2)         699(1)       3314(1)        761(1)       18(1) 
Cu(3)         877(1)       1476(1)       1034(1)       18(1) 
Cu(4)        1787(1)       2554(1)       2622(1)       18(1) 
N(1)         2005(2)       3112(4)       -292(4)       21(1) 
N(2)         -117(2)       3998(3)         11(4)       17(1) 
N(3)          493(2)        191(3)       1107(4)       19(1) 
N(4)         2600(2)       2672(3)       4097(4)       19(1) 
C(1)         2003(3)       2380(5)      -1043(5)       23(1) 
C(2)         2390(3)       1564(4)       -437(5)       21(1) 
C(3)         1663(3)       3925(5)       -967(5)       26(2) 
C(4)         -245(3)       4498(4)      -1008(5)       20(1) 
C(5)         -153(3)       4681(4)        758(5)       20(1) 
C(6)         -564(3)       3272(4)       -284(6)       26(1) 
C(7)          500(3)       -551(4)        380(5)       19(1) 
C(8)         -109(3)        332(4)        827(5)       22(1) 
C(9)          832(3)       -143(5)       2253(5)       28(2) 
C(10)        2621(3)       3433(4)       4830(5)       19(1) 
C(11)        2770(3)       1784(4)       4744(5)       20(1) 
C(12)        3040(3)       2865(5)       3801(5)       24(1) 
________________________________________________________________ 
 
 
Table 3.  Bond lengths [Å] and angles [deg] for 4. 
_____________________________________________________________ 
 
I(1)-Cu(3)                    2.6788(10) 
I(1)-Cu(4)                    2.6906(9) 
I(1)-Cu(1)                    2.7181(9) 
I(2)-Cu(2)                    2.6958(9) 
I(2)-Cu(1)                    2.7013(9) 
I(2)-Cu(4)                    2.7025(9) 
I(3)-Cu(1)                    2.6731(9) 
I(3)-Cu(2)                    2.6780(9) 
I(3)-Cu(3)                    2.7059(9) 
I(4)-Cu(4)                    2.7032(10) 
I(4)-Cu(2)                    2.7053(9) 
I(4)-Cu(3)                    2.7196(9) 
Cu(1)-N(1)                    2.142(5) 
Cu(1)-Cu(4)                   2.6766(13) 
Cu(1)-Cu(2)                   2.8137(13) 
Cu(1)-Cu(3)                   2.9377(13) 
 2 
Cu(2)-N(2)                    2.148(5) 
Cu(2)-Cu(3)                   2.6686(12) 
Cu(2)-Cu(4)                   2.9918(12) 
Cu(3)-N(3)                    2.146(5) 
Cu(3)-Cu(4)                   2.8124(12) 
Cu(4)-N(4)                    2.141(5) 
N(1)-C(3)                     1.494(8) 
N(1)-C(2)#1                   1.504(8) 
N(1)-C(1)                     1.500(8) 
N(2)-C(6)                     1.491(8) 
N(2)-C(5)                     1.490(7) 
N(2)-C(4)                     1.495(8) 
N(3)-C(9)                     1.488(8) 
N(3)-C(8)                     1.494(8) 
N(3)-C(7)                     1.494(8) 
N(4)-C(10)                    1.493(8) 
N(4)-C(12)                    1.494(8) 
N(4)-C(11)                    1.499(8) 
C(1)-C(2)                     1.512(9) 
C(1)-H(1A)                    0.9900 
C(1)-H(1B)                    0.9900 
C(2)-N(1)#1                   1.504(8) 
C(2)-H(2A)                    0.9900 
C(2)-H(2B)                    0.9900 
C(3)-H(3A)                    0.9800 
C(3)-H(3B)                    0.9800 
C(3)-H(3C)                    0.9800 
C(4)-C(5)#2                   1.513(9) 
C(4)-H(4A)                    0.9900 
C(4)-H(4B)                    0.9900 
C(5)-C(4)#2                   1.513(9) 
C(5)-H(5A)                    0.9900 
C(5)-H(5B)                    0.9900 
C(6)-H(6A)                    0.9800 
C(6)-H(6B)                    0.9800 
C(6)-H(6C)                    0.9800 
C(7)-C(8)#3                   1.524(9) 
C(7)-H(7A)                    0.9900 
C(7)-H(7B)                    0.9900 
C(8)-C(7)#3                   1.524(9) 
C(8)-H(8A)                    0.9900 
C(8)-H(8B)                    0.9900 
C(9)-H(9A)                    0.9800 
C(9)-H(9B)                    0.9800 
C(9)-H(9C)                    0.9800 
C(10)-C(11)#4                 1.513(9) 
C(10)-H(10A)                  0.9900 
C(10)-H(10B)                  0.9900 
C(11)-C(10)#4                 1.513(9) 
C(11)-H(11A)                  0.9900 
C(11)-H(11B)                  0.9900 
C(12)-H(12A)                  0.9800 
C(12)-H(12B)                  0.9800 
C(12)-H(12C)                  0.9800 
 
Cu(3)-I(1)-Cu(4)             63.17(3) 
Cu(3)-I(1)-Cu(1)             65.95(3) 
Cu(4)-I(1)-Cu(1)             59.32(3) 
Cu(2)-I(2)-Cu(1)             62.84(3) 
Cu(2)-I(2)-Cu(4)             67.31(3) 
Cu(1)-I(2)-Cu(4)             59.38(3) 
Cu(1)-I(3)-Cu(2)             63.45(3) 
Cu(1)-I(3)-Cu(3)             66.20(3) 
Cu(2)-I(3)-Cu(3)             59.42(3) 
Cu(4)-I(4)-Cu(2)             67.17(3) 
Cu(4)-I(4)-Cu(3)             62.48(3) 
Cu(2)-I(4)-Cu(3)             58.93(3) 
N(1)-Cu(1)-I(3)             103.86(14) 
N(1)-Cu(1)-Cu(4)            143.35(14) 
I(3)-Cu(1)-Cu(4)            111.91(4) 
N(1)-Cu(1)-I(2)              99.55(14) 
I(3)-Cu(1)-I(2)             111.61(3) 
Cu(4)-Cu(1)-I(2)             60.33(3) 
N(1)-Cu(1)-I(1)             120.54(15) 
I(3)-Cu(1)-I(1)             102.10(3) 
Cu(4)-Cu(1)-I(1)             59.83(3) 
I(2)-Cu(1)-I(1)             118.53(3) 
N(1)-Cu(1)-Cu(2)            132.41(15) 
I(3)-Cu(1)-Cu(2)             58.36(3) 
Cu(4)-Cu(1)-Cu(2)            65.98(3) 
I(2)-Cu(1)-Cu(2)             58.48(3) 
I(1)-Cu(1)-Cu(2)            106.76(3) 
N(1)-Cu(1)-Cu(3)            155.14(14) 
I(3)-Cu(1)-Cu(3)             57.43(2) 
Cu(4)-Cu(1)-Cu(3)            59.91(3) 
I(2)-Cu(1)-Cu(3)            102.71(3) 
I(1)-Cu(1)-Cu(3)             56.38(2) 
Cu(2)-Cu(1)-Cu(3)            55.24(3) 
N(2)-Cu(2)-Cu(3)            125.88(14) 
N(2)-Cu(2)-I(3)              99.46(13) 
Cu(3)-Cu(2)-I(3)             60.81(3) 
N(2)-Cu(2)-I(2)             123.52(13) 
 3 
Cu(3)-Cu(2)-I(2)            110.47(4) 
I(3)-Cu(2)-I(2)             111.63(3) 
N(2)-Cu(2)-I(4)             103.02(14) 
Cu(3)-Cu(2)-I(4)             60.80(3) 
I(3)-Cu(2)-I(4)             119.92(3) 
I(2)-Cu(2)-I(4)             100.48(3) 
N(2)-Cu(2)-Cu(1)            149.27(14) 
Cu(3)-Cu(2)-Cu(1)            64.74(3) 
I(3)-Cu(2)-Cu(1)             58.19(3) 
I(2)-Cu(2)-Cu(1)             58.67(3) 
I(4)-Cu(2)-Cu(1)            106.54(3) 
N(2)-Cu(2)-Cu(4)            155.45(14) 
Cu(3)-Cu(2)-Cu(4)            59.26(3) 
I(3)-Cu(2)-Cu(4)            102.72(3) 
I(2)-Cu(2)-Cu(4)             56.45(2) 
I(4)-Cu(2)-Cu(4)             56.38(2) 
Cu(1)-Cu(2)-Cu(4)            54.81(3) 
N(3)-Cu(3)-Cu(2)            142.79(14) 
N(3)-Cu(3)-I(1)             104.19(14) 
Cu(2)-Cu(3)-I(1)            112.27(4) 
N(3)-Cu(3)-I(3)             119.87(14) 
Cu(2)-Cu(3)-I(3)             59.77(3) 
I(1)-Cu(3)-I(3)             102.27(3) 
N(3)-Cu(3)-I(4)              99.73(14) 
Cu(2)-Cu(3)-I(4)             60.27(3) 
I(1)-Cu(3)-I(4)             111.84(3) 
I(3)-Cu(3)-I(4)             118.40(3) 
N(3)-Cu(3)-Cu(4)            133.02(14) 
Cu(2)-Cu(3)-Cu(4)            66.10(3) 
I(1)-Cu(3)-Cu(4)             58.62(3) 
I(3)-Cu(3)-Cu(4)            106.87(3) 
I(4)-Cu(3)-Cu(4)             58.47(3) 
N(3)-Cu(3)-Cu(1)            155.24(14) 
Cu(2)-Cu(3)-Cu(1)            60.02(3) 
I(1)-Cu(3)-Cu(1)             57.67(3) 
I(3)-Cu(3)-Cu(1)             56.36(2) 
I(4)-Cu(3)-Cu(1)            102.81(3) 
Cu(4)-Cu(3)-Cu(1)            55.43(3) 
N(4)-Cu(4)-Cu(1)            124.62(15) 
N(4)-Cu(4)-I(1)             100.26(14) 
Cu(1)-Cu(4)-I(1)             60.85(3) 
N(4)-Cu(4)-I(2)             101.32(14) 
Cu(1)-Cu(4)-I(2)             60.29(3) 
I(1)-Cu(4)-I(2)             119.48(3) 
N(4)-Cu(4)-I(4)             124.41(15) 
Cu(1)-Cu(4)-I(4)            110.63(4) 
I(1)-Cu(4)-I(4)             111.99(3) 
I(2)-Cu(4)-I(4)             100.37(3) 
N(4)-Cu(4)-Cu(3)            151.18(14) 
Cu(1)-Cu(4)-Cu(3)            64.66(3) 
I(1)-Cu(4)-Cu(3)             58.21(3) 
I(2)-Cu(4)-Cu(3)            106.07(3) 
I(4)-Cu(4)-Cu(3)             59.05(3) 
N(4)-Cu(4)-Cu(2)            153.96(14) 
Cu(1)-Cu(4)-Cu(2)            59.21(3) 
I(1)-Cu(4)-Cu(2)            102.65(3) 
I(2)-Cu(4)-Cu(2)             56.24(2) 
I(4)-Cu(4)-Cu(2)             56.45(2) 
Cu(3)-Cu(4)-Cu(2)            54.64(3) 
C(3)-N(1)-C(2)#1            107.8(5) 
C(3)-N(1)-C(1)              108.1(5) 
C(2)#1-N(1)-C(1)            108.0(5) 
C(3)-N(1)-Cu(1)             107.4(4) 
C(2)#1-N(1)-Cu(1)           112.2(3) 
C(1)-N(1)-Cu(1)             113.2(4) 
C(6)-N(2)-C(5)              108.3(5) 
C(6)-N(2)-C(4)              108.2(5) 
C(5)-N(2)-C(4)              108.4(4) 
C(6)-N(2)-Cu(2)             108.2(4) 
C(5)-N(2)-Cu(2)             112.1(4) 
C(4)-N(2)-Cu(2)             111.6(4) 
C(9)-N(3)-C(8)              108.2(5) 
C(9)-N(3)-C(7)              108.4(5) 
C(8)-N(3)-C(7)              108.5(5) 
C(9)-N(3)-Cu(3)             106.7(4) 
C(8)-N(3)-Cu(3)             111.7(4) 
C(7)-N(3)-Cu(3)             113.2(4) 
C(10)-N(4)-C(12)            108.6(5) 
C(10)-N(4)-C(11)            107.4(5) 
C(12)-N(4)-C(11)            107.0(5) 
C(10)-N(4)-Cu(4)            113.3(4) 
C(12)-N(4)-Cu(4)            108.2(4) 
C(11)-N(4)-Cu(4)            112.1(4) 
N(1)-C(1)-C(2)              112.7(5) 
N(1)-C(1)-H(1A)             109.1 
C(2)-C(1)-H(1A)             109.1 
N(1)-C(1)-H(1B)             109.1 
C(2)-C(1)-H(1B)             109.1 
H(1A)-C(1)-H(1B)            107.8 
N(1)#1-C(2)-C(1)            110.6(5) 
N(1)#1-C(2)-H(2A)           109.5 
C(1)-C(2)-H(2A)             109.5 
 4 
N(1)#1-C(2)-H(2B)           109.5 
C(1)-C(2)-H(2B)             109.5 
H(2A)-C(2)-H(2B)            108.1 
N(1)-C(3)-H(3A)             109.5 
N(1)-C(3)-H(3B)             109.5 
H(3A)-C(3)-H(3B)            109.5 
N(1)-C(3)-H(3C)             109.5 
H(3A)-C(3)-H(3C)            109.5 
H(3B)-C(3)-H(3C)            109.5 
N(2)-C(4)-C(5)#2            111.3(5) 
N(2)-C(4)-H(4A)             109.4 
C(5)#2-C(4)-H(4A)           109.4 
N(2)-C(4)-H(4B)             109.4 
C(5)#2-C(4)-H(4B)           109.4 
H(4A)-C(4)-H(4B)            108.0 
N(2)-C(5)-C(4)#2            111.9(5) 
N(2)-C(5)-H(5A)             109.2 
C(4)#2-C(5)-H(5A)           109.2 
N(2)-C(5)-H(5B)             109.2 
C(4)#2-C(5)-H(5B)           109.2 
H(5A)-C(5)-H(5B)            107.9 
N(2)-C(6)-H(6A)             109.5 
N(2)-C(6)-H(6B)             109.5 
H(6A)-C(6)-H(6B)            109.5 
N(2)-C(6)-H(6C)             109.5 
H(6A)-C(6)-H(6C)            109.5 
H(6B)-C(6)-H(6C)            109.5 
N(3)-C(7)-C(8)#3            113.0(5) 
N(3)-C(7)-H(7A)             109.0 
C(8)#3-C(7)-H(7A)           109.0 
N(3)-C(7)-H(7B)             109.0 
C(8)#3-C(7)-H(7B)           109.0 
H(7A)-C(7)-H(7B)            107.8 
N(3)-C(8)-C(7)#3            111.3(5) 
N(3)-C(8)-H(8A)             109.4 
C(7)#3-C(8)-H(8A)           109.4 
N(3)-C(8)-H(8B)             109.4 
C(7)#3-C(8)-H(8B)           109.4 
H(8A)-C(8)-H(8B)            108.0 
N(3)-C(9)-H(9A)             109.5 
N(3)-C(9)-H(9B)             109.5 
H(9A)-C(9)-H(9B)            109.5 
N(3)-C(9)-H(9C)             109.5 
H(9A)-C(9)-H(9C)            109.5 
H(9B)-C(9)-H(9C)            109.5 
N(4)-C(10)-C(11)#4          110.7(5) 
N(4)-C(10)-H(10A)           109.5 
C(11)#4-C(10)-H(10A)        109.5 
N(4)-C(10)-H(10B)           109.5 
C(11)#4-C(10)-H(10B)        109.5 
H(10A)-C(10)-H(10B)         108.1 
N(4)-C(11)-C(10)#4          111.4(5) 
N(4)-C(11)-H(11A)           109.3 
C(10)#4-C(11)-H(11A)        109.3 
N(4)-C(11)-H(11B)           109.3 
C(10)#4-C(11)-H(11B)        109.3 
H(11A)-C(11)-H(11B)         108.0 
N(4)-C(12)-H(12A)           109.5 
N(4)-C(12)-H(12B)           109.5 
H(12A)-C(12)-H(12B)         109.5 
N(4)-C(12)-H(12C)           109.5 
H(12A)-C(12)-H(12C)         109.5 
H(12B)-C(12)-H(12C)         109.5 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1/2,-y+1/2,-z    #2 -x,-y+1,-z 
#3 -x,-y,-z    #4 -x+1/2,-y+1/2,-z+1 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 4. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 2 
 
I(1)     15(1)      21(1)      14(1)       2(1)       8(1)       3(1) 
I(2)     14(1)      19(1)      14(1)      -1(1)       7(1)      -1(1) 
I(3)     16(1)      21(1)      11(1)      -1(1)       6(1)      -1(1) 
I(4)     14(1)      24(1)      13(1)       0(1)       8(1)       0(1) 
Cu(1)    17(1)      25(1)      13(1)       0(1)       9(1)       0(1) 
Cu(2)    16(1)      20(1)      15(1)       0(1)       7(1)       1(1) 
Cu(3)    18(1)      19(1)      17(1)       1(1)       9(1)       0(1) 
Cu(4)    16(1)      25(1)      12(1)      -1(1)       7(1)       1(1) 
N(1)     22(3)      25(3)      17(2)      -1(2)      12(2)      -1(2) 
N(2)     16(3)      19(2)      16(2)      -2(2)       7(2)      -1(2) 
N(3)     17(3)      22(3)      21(2)       1(2)      12(2)       1(2) 
N(4)     16(3)      25(3)      13(2)       1(2)       6(2)       0(2) 
C(1)     23(4)      34(4)      16(3)      -6(3)      12(3)      -8(3) 
C(2)     24(3)      28(3)      16(3)      -3(2)      14(3)      -3(3) 
C(3)     33(4)      28(3)      22(3)       7(3)      17(3)      -1(3) 
C(4)     18(3)      21(3)      15(3)       1(2)       3(2)       5(2) 
C(5)     24(4)      21(3)      18(3)       2(2)      14(3)       6(2) 
C(6)     17(3)      23(3)      33(4)       0(3)       9(3)      -4(2) 
C(7)     17(3)      18(3)      28(3)       0(2)      16(3)       1(2) 
C(8)     21(4)      23(3)      26(3)      -7(3)      15(3)      -2(2) 
C(9)     34(4)      22(3)      26(3)       5(3)      14(3)      -1(3) 
C(10)    18(3)      24(3)      11(3)      -2(2)       5(2)      -1(2) 
C(11)    18(3)      28(3)      11(3)      -3(2)       4(2)       3(2) 
C(12)    20(3)      34(4)      15(3)       1(3)       7(3)      -4(3) 
_______________________________________________________________________ 
 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for 4. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1A)        2128          2666         -1515          28 
H(1B)        1608          2148         -1519          28 
H(2A)        2255          1253             7          25 
H(2B)        2374          1104          -968          25 
H(3A)        1827          4157         -1392          39 
H(3B)        1672          4423          -489          39 
H(3C)        1267          3729         -1463          39 
H(4A)        -645          4723         -1389          24 
H(4B)        -206          4059         -1499          24 
H(5A)         -54          4364          1448          24 
 3 
H(5B)        -550          4912           420          24 
H(6A)        -486          2932           373          40 
H(6B)        -561          2834          -808          40 
H(6C)        -939          3571          -613          40 
H(7A)         381         -1151           546          23 
H(7B)         896          -628           537          23 
H(8A)        -124           853          1267          26 
H(8B)        -246          -239          1012          26 
H(9A)         826           331          2740          42 
H(9B)        1227          -255          2447          42 
H(9C)         667          -725          2327          42 
H(10A)       2504          4030          4423          23 
H(10B)       3018          3505          5450          23 
H(11A)       3167          1842          5364          24 
H(11B)       2757          1263          4277          24 
H(12A)       2939          3435          3361          36 
H(12B)       3057          2339          3381          36 
H(12C)       3414          2946          4467          36 
________________________________________________________________ 
  
 
Crystallographic data for 18 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 18. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
I(1)         7445(1)       6111(1)       -141(1)       15(1) 
Cu(1)        5422(1)       4758(1)       1490(1)       14(1) 
N(1)         6421(5)       4511(3)       3905(5)       11(1) 
C(1)         6714(6)       5548(4)       4787(6)       13(1) 
C(2)         5120(7)       3875(4)       4966(7)       13(1) 
C(3)         8275(7)       3963(4)       3801(7)       14(1) 
C(4)         8181(7)       2920(4)       2831(7)       20(1) 
________________________________________________________________ 
 
Table 3.  Bond lengths [Å] and angles [deg] for 18. 
_____________________________________________________________ 
 
 1 
I(1)-Cu(1)#1                  2.5434(7) 
I(1)-Cu(1)                    2.5858(7) 
Cu(1)-N(1)                    2.041(4) 
Cu(1)-Cu(1)#1                 2.4841(14) 
Cu(1)-I(1)#1                  2.5434(7) 
N(1)-C(2)                     1.490(6) 
N(1)-C(1)                     1.492(6) 
N(1)-C(3)                     1.498(6) 
C(1)-C(2)#2                   1.514(7) 
C(1)-H(1A)                    0.9900 
C(1)-H(1B)                    0.9900 
C(2)-C(1)#2                   1.514(7) 
C(2)-H(2A)                    0.9900 
C(2)-H(2B)                    0.9900 
C(3)-C(4)                     1.520(7) 
C(3)-H(3A)                    0.9900 
C(3)-H(3B)                    0.9900 
C(4)-H(4A)                    0.9800 
C(4)-H(4B)                    0.9800 
C(4)-H(4C)                    0.9800 
 
Cu(1)#1-I(1)-Cu(1)           57.93(3) 
N(1)-Cu(1)-Cu(1)#1          171.77(12) 
N(1)-Cu(1)-I(1)#1           126.34(11) 
Cu(1)#1-Cu(1)-I(1)#1         61.89(3) 
N(1)-Cu(1)-I(1)             111.59(11) 
Cu(1)#1-Cu(1)-I(1)           60.18(3) 
I(1)#1-Cu(1)-I(1)           122.07(3) 
C(2)-N(1)-C(1)              107.3(4) 
C(2)-N(1)-C(3)              110.0(4) 
C(1)-N(1)-C(3)              108.0(4) 
C(2)-N(1)-Cu(1)             112.7(3) 
C(1)-N(1)-Cu(1)             110.1(3) 
C(3)-N(1)-Cu(1)             108.6(3) 
N(1)-C(1)-C(2)#2            111.3(4) 
N(1)-C(1)-H(1A)             109.4 
C(2)#2-C(1)-H(1A)           109.4 
N(1)-C(1)-H(1B)             109.4 
C(2)#2-C(1)-H(1B)           109.4 
H(1A)-C(1)-H(1B)            108.0 
N(1)-C(2)-C(1)#2            111.2(4) 
N(1)-C(2)-H(2A)             109.4 
C(1)#2-C(2)-H(2A)           109.4 
N(1)-C(2)-H(2B)             109.4 
C(1)#2-C(2)-H(2B)           109.4 
H(2A)-C(2)-H(2B)            108.0 
N(1)-C(3)-C(4)              113.1(4) 
N(1)-C(3)-H(3A)             109.0 
C(4)-C(3)-H(3A)             109.0 
N(1)-C(3)-H(3B)             109.0 
C(4)-C(3)-H(3B)             109.0 
H(3A)-C(3)-H(3B)            107.8 
C(3)-C(4)-H(4A)             109.5 
C(3)-C(4)-H(4B)             109.5 
H(4A)-C(4)-H(4B)            109.5 
C(3)-C(4)-H(4C)             109.5 
H(4A)-C(4)-H(4C)            109.5 
H(4B)-C(4)-H(4C)            109.5 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z    #2 -x+1,-y+1,-z+1 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 18. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
I(1)     12(1)      18(1)      14(1)       1(1)      -1(1)      -5(1) 
Cu(1)    12(1)      16(1)      12(1)       0(1)      -1(1)      -1(1) 
N(1)      9(2)      11(2)      14(2)       3(2)       0(2)       0(2) 
 2 
C(1)     13(2)      13(2)      12(2)      -1(2)      -3(2)      -6(2) 
C(2)     11(2)      16(2)      12(3)       4(2)       3(2)      -3(2) 
C(3)      7(2)      17(2)      17(3)       0(2)       0(2)      -2(2) 
C(4)     18(2)      18(3)      23(3)      -1(2)       3(2)       3(2) 
_______________________________________________________________________ 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for 18. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1A)        7560          5996          4105          15 
H(1B)        7319          5423          5911          15 
H(2A)        5710          3735          6091          15 
H(2B)        4877          3184          4405          15 
H(3A)        8751          3825          4970          16 
H(3B)        9174          4440          3234          16 
H(4A)        7357          2426          3427          30 
H(4B)        9438          2613          2763          30 
H(4C)        7689          3047          1678          30 
________________________________________________________________ 
 
 
Crystallographic data for 12 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 12. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
Br(1)         773(1)       2516(1)       2451(1)       14(1) 
Br(2)         531(1)       2729(1)       -857(1)       13(1) 
Br(3)        1690(1)        815(1)       1653(1)       13(1) 
Br(4)        1976(1)       3859(1)       1778(1)       13(1) 
Cu(1)         705(1)       1668(1)        778(1)       15(1) 
Cu(2)         877(1)       3515(1)       1000(1)       15(1) 
Cu(3)        1769(1)       2391(1)       2623(1)       14(1) 
 3 
Cu(4)        1617(1)       2367(1)        602(1)       15(1) 
N(1)         -136(1)       1000(2)         10(2)       14(1) 
N(2)          509(1)       4789(2)       1138(2)       15(1) 
N(3)         2613(1)       2248(2)       4118(2)       12(1) 
N(4)         1989(1)       1873(2)       -309(2)       15(1) 
C(1)         -165(1)        303(2)        769(2)       16(1) 
C(2)          270(1)       -504(2)       1037(2)       16(1) 
C(3)         -609(1)       1731(2)       -303(3)       24(1) 
C(4)         -125(1)       4671(2)        821(2)       19(1) 
C(5)          528(1)       5550(2)        420(2)       18(1) 
C(6)          872(1)       5099(2)       2326(2)       26(1) 
C(7)         2599(1)       1522(2)       4876(2)       15(1) 
C(8)         2814(1)       3174(2)       4733(2)       14(1) 
C(9)         3058(1)       1955(2)       3837(2)       21(1) 
C(10)        1974(1)       2610(2)      -1089(2)       17(1) 
C(11)        2624(1)       1557(2)        447(2)       16(1) 
C(12)        1627(1)       1050(2)       -992(2)       22(1) 
________________________________________________________________ 
 
Table 3.  Bond lengths [Å] and angles [deg] for 12. 
_____________________________________________________________ 
 
Br(1)-Cu(3)                   2.4956(5) 
Br(1)-Cu(1)                   2.5462(5) 
Br(1)-Cu(2)                   2.5975(5) 
Br(2)-Cu(2)                   2.5104(4) 
Br(2)-Cu(4)                   2.5232(5) 
Br(2)-Cu(1)                   2.5618(4) 
Br(3)-Cu(1)                   2.5014(5) 
Br(3)-Cu(3)                   2.5481(4) 
Br(3)-Cu(4)                   2.5807(5) 
Br(4)-Cu(4)                   2.5192(5) 
Br(4)-Cu(2)                   2.5273(5) 
Br(4)-Cu(3)                   2.5746(5) 
Cu(1)-N(1)                    2.093(2) 
Cu(1)-Cu(2)                   2.6234(5) 
Cu(1)-Cu(4)                   2.7127(5) 
Cu(1)-Cu(3)                   2.8006(5) 
Cu(2)-N(2)                    2.091(2) 
Cu(2)-Cu(3)                   2.7365(5) 
Cu(2)-Cu(4)                   2.7942(5) 
Cu(3)-N(3)                    2.100(2) 
Cu(3)-Cu(4)                   2.6389(6) 
Cu(4)-N(4)                    2.093(2) 
N(1)-C(1)                     1.476(3) 
N(1)-C(2)#1                   1.486(3) 
N(1)-C(3)                     1.486(3) 
N(2)-C(6)                     1.478(3) 
N(2)-C(4)                     1.483(3) 
N(2)-C(5)                     1.486(3) 
N(3)-C(9)                     1.472(3) 
N(3)-C(7)                     1.486(3) 
N(3)-C(8)                     1.494(3) 
N(4)-C(12)                    1.480(3) 
N(4)-C(10)                    1.490(3) 
N(4)-C(11)                    1.489(3) 
C(1)-C(2)                     1.507(4) 
C(1)-H(1A)                    0.9700 
C(1)-H(1B)                    0.9700 
C(2)-N(1)#1                   1.486(3) 
C(2)-H(2A)                    0.9700 
C(2)-H(2B)                    0.9700 
C(3)-H(3A)                    0.9600 
C(3)-H(3B)                    0.9600 
C(3)-H(3C)                    0.9600 
C(4)-C(5)#2                   1.511(4) 
C(4)-H(4A)                    0.9700 
C(4)-H(4B)                    0.9700 
C(5)-C(4)#2                   1.511(4) 
C(5)-H(5A)                    0.9700 
 2 
C(5)-H(5B)                    0.9700 
C(6)-H(6A)                    0.9600 
C(6)-H(6B)                    0.9600 
C(6)-H(6C)                    0.9600 
C(7)-C(8)#3                   1.510(4) 
C(7)-H(7A)                    0.9700 
C(7)-H(7B)                    0.9700 
C(8)-C(7)#3                   1.510(4) 
C(8)-H(8A)                    0.9700 
C(8)-H(8B)                    0.9700 
C(9)-H(9A)                    0.9600 
C(9)-H(9B)                    0.9600 
C(9)-H(9C)                    0.9600 
C(10)-C(11)#4                 1.512(4) 
C(10)-H(10A)                  0.9700 
C(10)-H(10B)                  0.9700 
C(11)-C(10)#4                 1.512(4) 
C(11)-H(11A)                  0.9700 
C(11)-H(11B)                  0.9700 
C(12)-H(12A)                  0.9600 
C(12)-H(12B)                  0.9600 
C(12)-H(12C)                  0.9600 
 
Cu(3)-Br(1)-Cu(1)            67.478(14) 
Cu(3)-Br(1)-Cu(2)            64.964(14) 
Cu(1)-Br(1)-Cu(2)            61.321(13) 
Cu(2)-Br(2)-Cu(4)            67.435(14) 
Cu(2)-Br(2)-Cu(1)            62.281(14) 
Cu(4)-Br(2)-Cu(1)            64.475(14) 
Cu(1)-Br(3)-Cu(3)            67.362(14) 
Cu(1)-Br(3)-Cu(4)            64.500(14) 
Cu(3)-Br(3)-Cu(4)            61.929(14) 
Cu(4)-Br(4)-Cu(2)            67.241(14) 
Cu(4)-Br(4)-Cu(3)            62.395(14) 
Cu(2)-Br(4)-Cu(3)            64.867(14) 
N(1)-Cu(1)-Br(3)            124.67(6) 
N(1)-Cu(1)-Br(1)            103.00(6) 
Br(3)-Cu(1)-Br(1)           102.866(16) 
N(1)-Cu(1)-Br(2)             99.27(6) 
Br(3)-Cu(1)-Br(2)           111.412(16) 
Br(1)-Cu(1)-Br(2)           116.213(17) 
N(1)-Cu(1)-Cu(2)            124.96(6) 
Br(3)-Cu(1)-Cu(2)           110.357(17) 
Br(1)-Cu(1)-Cu(2)            60.304(13) 
Br(2)-Cu(1)-Cu(2)            57.899(13) 
N(1)-Cu(1)-Cu(4)            148.60(6) 
Br(3)-Cu(1)-Cu(4)            59.167(13) 
Br(1)-Cu(1)-Cu(4)           106.114(16) 
Br(2)-Cu(1)-Cu(4)            57.073(13) 
Cu(2)-Cu(1)-Cu(4)            63.127(14) 
N(1)-Cu(1)-Cu(3)            154.06(6) 
Br(3)-Cu(1)-Cu(3)            57.115(12) 
Br(1)-Cu(1)-Cu(3)            55.400(12) 
Br(2)-Cu(1)-Cu(3)           103.403(16) 
Cu(2)-Cu(1)-Cu(3)            60.495(14) 
Cu(4)-Cu(1)-Cu(3)            57.168(14) 
N(2)-Cu(2)-Br(2)            122.74(6) 
N(2)-Cu(2)-Br(4)            105.85(6) 
Br(2)-Cu(2)-Br(4)           103.564(16) 
N(2)-Cu(2)-Br(1)             98.37(6) 
Br(2)-Cu(2)-Br(1)           116.205(17) 
Br(4)-Cu(2)-Br(1)           109.507(16) 
N(2)-Cu(2)-Cu(1)            142.98(6) 
Br(2)-Cu(2)-Cu(1)            59.821(13) 
Br(4)-Cu(2)-Cu(1)           109.011(17) 
Br(1)-Cu(2)-Cu(1)            58.375(13) 
N(2)-Cu(2)-Cu(3)            130.59(6) 
Br(2)-Cu(2)-Cu(3)           106.671(16) 
Br(4)-Cu(2)-Cu(3)            58.402(13) 
Br(1)-Cu(2)-Cu(3)            55.717(12) 
Cu(1)-Cu(2)-Cu(3)            62.959(14) 
N(2)-Cu(2)-Cu(4)            156.26(6) 
Br(2)-Cu(2)-Cu(4)            56.500(13) 
Br(4)-Cu(2)-Cu(4)            56.241(13) 
Br(1)-Cu(2)-Cu(4)           102.416(16) 
Cu(1)-Cu(2)-Cu(4)            59.996(14) 
Cu(3)-Cu(2)-Cu(4)            56.987(14) 
N(3)-Cu(3)-Br(1)            126.78(6) 
N(3)-Cu(3)-Br(3)            101.14(6) 
Br(1)-Cu(3)-Br(3)           102.974(16) 
N(3)-Cu(3)-Br(4)             99.61(6) 
Br(1)-Cu(3)-Br(4)           111.273(16) 
Br(3)-Cu(3)-Br(4)           115.403(16) 
N(3)-Cu(3)-Cu(4)            123.25(6) 
Br(1)-Cu(3)-Cu(4)           109.902(18) 
Br(3)-Cu(3)-Cu(4)            59.642(13) 
Br(4)-Cu(3)-Cu(4)            57.773(13) 
N(3)-Cu(3)-Cu(2)            150.19(6) 
Br(1)-Cu(3)-Cu(2)            59.319(13) 
Br(3)-Cu(3)-Cu(2)           105.484(16) 
Br(4)-Cu(3)-Cu(2)            56.731(13) 
Cu(4)-Cu(3)-Cu(2)            62.607(14) 
 3 
N(3)-Cu(3)-Cu(1)            153.26(6) 
Br(1)-Cu(3)-Cu(1)            57.122(13) 
Br(3)-Cu(3)-Cu(1)            55.523(12) 
Br(4)-Cu(3)-Cu(1)           102.484(16) 
Cu(4)-Cu(3)-Cu(1)            59.740(14) 
Cu(2)-Cu(3)-Cu(1)            56.547(14) 
N(4)-Cu(4)-Br(4)            122.75(6) 
N(4)-Cu(4)-Br(2)            105.26(6) 
Br(4)-Cu(4)-Br(2)           103.430(16) 
N(4)-Cu(4)-Br(3)             98.53(6) 
Br(4)-Cu(4)-Br(3)           116.216(17) 
Br(2)-Cu(4)-Br(3)           110.084(16) 
N(4)-Cu(4)-Cu(3)            143.38(6) 
Br(4)-Cu(4)-Cu(3)            59.832(13) 
Br(2)-Cu(4)-Cu(3)           109.301(17) 
Br(3)-Cu(4)-Cu(3)            58.429(13) 
N(4)-Cu(4)-Cu(1)            130.73(6) 
Br(4)-Cu(4)-Cu(1)           106.510(16) 
Br(2)-Cu(4)-Cu(1)            58.453(13) 
Br(3)-Cu(4)-Cu(1)            56.333(13) 
Cu(3)-Cu(4)-Cu(1)            63.092(14) 
N(4)-Cu(4)-Cu(2)            155.44(6) 
Br(4)-Cu(4)-Cu(2)            56.518(13) 
Br(2)-Cu(4)-Cu(2)            56.064(13) 
Br(3)-Cu(4)-Cu(2)           102.972(16) 
Cu(3)-Cu(4)-Cu(2)            60.406(14) 
Cu(1)-Cu(4)-Cu(2)            56.876(14) 
C(1)-N(1)-C(2)#1            108.9(2) 
C(1)-N(1)-C(3)              108.5(2) 
C(2)#1-N(1)-C(3)            107.9(2) 
C(1)-N(1)-Cu(1)             111.64(16) 
C(2)#1-N(1)-Cu(1)           110.64(16) 
C(3)-N(1)-Cu(1)             109.13(16) 
C(6)-N(2)-C(4)              108.7(2) 
C(6)-N(2)-C(5)              108.4(2) 
C(4)-N(2)-C(5)              108.1(2) 
C(6)-N(2)-Cu(2)             107.61(17) 
C(4)-N(2)-Cu(2)             112.08(16) 
C(5)-N(2)-Cu(2)             111.75(16) 
C(9)-N(3)-C(7)              108.7(2) 
C(9)-N(3)-C(8)              108.0(2) 
C(7)-N(3)-C(8)              108.78(19) 
C(9)-N(3)-Cu(3)             109.01(16) 
C(7)-N(3)-Cu(3)             111.41(16) 
C(8)-N(3)-Cu(3)             110.83(16) 
C(12)-N(4)-C(10)            108.1(2) 
C(12)-N(4)-C(11)            108.6(2) 
C(10)-N(4)-C(11)            108.4(2) 
C(12)-N(4)-Cu(4)            107.77(16) 
C(10)-N(4)-Cu(4)            111.99(16) 
C(11)-N(4)-Cu(4)            111.80(15) 
N(1)-C(1)-C(2)              111.0(2) 
N(1)-C(1)-H(1A)             109.4 
C(2)-C(1)-H(1A)             109.4 
N(1)-C(1)-H(1B)             109.4 
C(2)-C(1)-H(1B)             109.4 
H(1A)-C(1)-H(1B)            108.0 
N(1)#1-C(2)-C(1)            110.7(2) 
N(1)#1-C(2)-H(2A)           109.5 
C(1)-C(2)-H(2A)             109.5 
N(1)#1-C(2)-H(2B)           109.5 
C(1)-C(2)-H(2B)             109.5 
H(2A)-C(2)-H(2B)            108.1 
N(1)-C(3)-H(3A)             109.5 
N(1)-C(3)-H(3B)             109.5 
H(3A)-C(3)-H(3B)            109.5 
N(1)-C(3)-H(3C)             109.5 
H(3A)-C(3)-H(3C)            109.5 
H(3B)-C(3)-H(3C)            109.5 
N(2)-C(4)-C(5)#2            110.9(2) 
N(2)-C(4)-H(4A)             109.5 
C(5)#2-C(4)-H(4A)           109.5 
N(2)-C(4)-H(4B)             109.5 
C(5)#2-C(4)-H(4B)           109.5 
H(4A)-C(4)-H(4B)            108.0 
N(2)-C(5)-C(4)#2            112.1(2) 
N(2)-C(5)-H(5A)             109.2 
C(4)#2-C(5)-H(5A)           109.2 
N(2)-C(5)-H(5B)             109.2 
C(4)#2-C(5)-H(5B)           109.2 
H(5A)-C(5)-H(5B)            107.9 
N(2)-C(6)-H(6A)             109.5 
N(2)-C(6)-H(6B)             109.5 
H(6A)-C(6)-H(6B)            109.5 
N(2)-C(6)-H(6C)             109.5 
H(6A)-C(6)-H(6C)            109.5 
H(6B)-C(6)-H(6C)            109.5 
N(3)-C(7)-C(8)#3            111.0(2) 
N(3)-C(7)-H(7A)             109.4 
C(8)#3-C(7)-H(7A)           109.4 
N(3)-C(7)-H(7B)             109.4 
C(8)#3-C(7)-H(7B)           109.4 
 4 
H(7A)-C(7)-H(7B)            108.0 
N(3)-C(8)-C(7)#3            110.7(2) 
N(3)-C(8)-H(8A)             109.5 
C(7)#3-C(8)-H(8A)           109.5 
N(3)-C(8)-H(8B)             109.5 
C(7)#3-C(8)-H(8B)           109.5 
H(8A)-C(8)-H(8B)            108.1 
N(3)-C(9)-H(9A)             109.5 
N(3)-C(9)-H(9B)             109.5 
H(9A)-C(9)-H(9B)            109.5 
N(3)-C(9)-H(9C)             109.5 
H(9A)-C(9)-H(9C)            109.5 
H(9B)-C(9)-H(9C)            109.5 
N(4)-C(10)-C(11)#4          111.3(2) 
N(4)-C(10)-H(10A)           109.4 
C(11)#4-C(10)-H(10A)        109.4 
N(4)-C(10)-H(10B)           109.4 
C(11)#4-C(10)-H(10B)        109.4 
H(10A)-C(10)-H(10B)         108.0 
N(4)-C(11)-C(10)#4          110.9(2) 
N(4)-C(11)-H(11A)           109.5 
C(10)#4-C(11)-H(11A)        109.5 
N(4)-C(11)-H(11B)           109.5 
C(10)#4-C(11)-H(11B)        109.5 
H(11A)-C(11)-H(11B)         108.0 
N(4)-C(12)-H(12A)           109.5 
N(4)-C(12)-H(12B)           109.5 
H(12A)-C(12)-H(12B)         109.5 
N(4)-C(12)-H(12C)           109.5 
H(12A)-C(12)-H(12C)         109.5 
H(12B)-C(12)-H(12C)         109.5 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y,-z    #2 -x,-y+1,-z    #3 -x+1/2,-y+1/2,-z+1 
#4 -x+1/2,-y+1/2,-z 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 12. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
Br(1)    11(1)      17(1)      14(1)       1(1)       7(1)       0(1) 
Br(2)    12(1)      14(1)      12(1)       1(1)       5(1)       1(1) 
Br(3)    11(1)      12(1)      14(1)       0(1)       6(1)       0(1) 
Br(4)    12(1)      14(1)      14(1)      -1(1)       7(1)      -2(1) 
Cu(1)    11(1)      13(1)      17(1)      -1(1)       6(1)      -2(1) 
Cu(2)    14(1)      12(1)      19(1)      -1(1)       8(1)       2(1) 
Cu(3)    11(1)      19(1)      11(1)       0(1)       4(1)       0(1) 
Cu(4)    14(1)      19(1)      14(1)      -1(1)       9(1)       0(1) 
N(1)     11(1)       9(1)      19(1)       1(1)       6(1)       1(1) 
N(2)     13(1)      11(1)      21(1)       0(1)      10(1)       0(1) 
N(3)     10(1)      16(1)      11(1)      -1(1)       6(1)      -2(1) 
N(4)     14(1)      18(1)      14(1)       2(1)       9(1)       1(1) 
C(1)     17(2)      18(1)      15(1)      -4(1)      10(1)      -7(1) 
C(2)     14(1)      16(1)      13(1)       2(1)       4(1)      -4(1) 
C(3)     12(2)      15(2)      41(2)      -1(1)      10(1)       3(1) 
 2 
C(4)     19(2)      13(1)      31(2)       5(1)      18(1)       3(1) 
C(5)     15(1)      10(1)      31(2)       3(1)      14(1)       0(1) 
C(6)     25(2)      22(2)      27(2)      -8(1)      12(1)       1(1) 
C(7)     16(1)      12(1)      13(1)       0(1)       5(1)       0(1) 
C(8)     14(1)      16(1)      11(1)       0(1)       4(1)      -5(1) 
C(9)     10(1)      36(2)      17(1)      -2(1)       7(1)       3(1) 
C(10)    13(1)      27(2)      13(1)       4(1)       7(1)       5(1) 
C(11)    16(1)      21(1)      15(1)       6(1)      11(1)       7(1) 
C(12)    23(2)      24(2)      18(1)      -7(1)      12(1)      -2(1) 
_______________________________________________________________________ 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for 12. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1A)        -570            53           415          19 
H(1B)         -69           618          1462          19 
H(2A)         678          -258          1425          19 
H(2B)         242          -953          1534          19 
H(3A)        -994          1426          -642          37 
H(3B)        -609          2170          -829          37 
H(3C)        -528          2068           360          37 
H(4A)        -261          5251           993          23 
H(4B)        -150          4158          1258          23 
H(5A)         938          5625           604          22 
H(5B)         403          6147           582          22 
H(6A)         721          5696          2409          38 
H(6B)        1284          5171          2543          38 
H(6C)         845          4630          2798          38 
H(7A)        3002          1430          5524          18 
H(7B)        2461           920          4479          18 
H(8A)        2816          3658          4241          17 
H(8B)        3221          3110          5379          17 
H(9A)        3445          1889          4517          31 
H(9B)        3079          2427          3364          31 
H(9C)        2939          1356          3448          31 
H(10A)       1564          2834         -1577          20 
H(10B)       2104          2331         -1560          20 
H(11A)       2764          1259             2          19 
H(11B)       2644          1088           974          19 
H(12A)       1217          1245         -1487          32 
H(12B)       1644           556          -502          32 
 3 
H(12C)       1785           815         -1428          32 
________________________________________________________________ 
  
 
Crystallographic data for 13 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic 
displacement parameters (Å 2 x 103) for 13. 
U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
Br(1)        4118(1)        213(1)       8575(1)       37(1) 
Br(2)        3005(1)        664(1)       8622(1)       46(1) 
Br(3)        4034(1)       1311(1)       8583(1)       82(1) 
Br(4)        3736(1)        809(1)       3599(1)       37(1) 
Cu(1)        3421(1)       1481(1)       3991(2)       57(1) 
Cu(2)        3520(1)        357(1)       6405(2)       48(1) 
Cu(3)        4248(1)        808(1)       6564(2)       52(1) 
Cu(4)        3687(1)        774(1)       9756(2)       59(1) 
N(1)         3836(1)       1790(1)       2837(7)       40(1) 
N(2)         3223(1)        -40(1)       4699(7)       36(1) 
N(3)         2895(1)       1357(1)       5085(8)       47(1) 
N(4)         4820(1)        721(1)       5310(7)       39(1) 
C(1)         4102(2)       1946(1)       4413(9)       45(1) 
C(2)         4439(1)       2167(1)       3497(10)      45(1) 
C(3)         3471(2)       -204(1)       3086(8)       42(1) 
C(4)         3688(1)       2081(1)       1513(9)       42(1) 
C(5)         2877(2)        142(1)       3716(11)      54(1) 
C(6)         2689(2)       1671(2)       5988(11)      51(1) 
C(7)         2585(2)       1938(1)       4331(10)      46(1) 
C(8)         5008(2)       1049(1)       4460(9)       47(1) 
C(9)         2622(1)       1186(1)       3602(12)      49(1) 
C(10)        4758(2)        461(2)       3615(13)      61(2) 
________________________________________________________________ 
 
Table 3.  Bond lengths [Å] and angles [deg] for 13. 
_____________________________________________________________ 
 
Br(1)-Cu(2)                   2.5087(9) 
Br(1)-Cu(3)                   2.6038(10) 
Br(1)-Cu(4)                   2.6438(11) 
Br(2)-Cu(4)                   2.4317(11) 
 2 
Br(2)-Cu(2)                   2.5232(10) 
Br(3)-Cu(3)                   2.3964(10) 
Br(3)-Cu(4)                   2.4298(11) 
Br(4)-Cu(4)#1                 2.5263(12) 
Br(4)-Cu(3)                   2.5888(11) 
Br(4)-Cu(2)                   2.5901(10) 
Br(4)-Cu(1)                   2.7170(9) 
Cu(1)-N(1)                    1.950(4) 
Cu(1)-N(3)                    1.953(4) 
Cu(2)-N(2)                    2.097(4) 
Cu(2)-Cu(4)                   2.7426(13) 
Cu(2)-Cu(3)                   2.9521(11) 
Cu(3)-N(4)                    2.105(4) 
Cu(3)-Cu(4)                   2.8103(13) 
Cu(4)-Br(4)#2                 2.5263(12) 
N(1)-C(4)                     1.469(7) 
N(1)-C(1)                     1.481(7) 
N(2)-C(3)                     1.474(6) 
N(2)-C(2)#3                   1.483(6) 
N(2)-C(5)                     1.485(6) 
N(3)-C(9)                     1.476(8) 
N(3)-C(6)                     1.477(7) 
N(4)-C(7)#4                   1.458(7) 
N(4)-C(8)                     1.479(6) 
N(4)-C(10)                    1.485(8) 
C(1)-C(2)                     1.518(7) 
C(2)-N(2)#5                   1.483(6) 
C(3)-C(4)#3                   1.519(7) 
C(4)-C(3)#5                   1.519(7) 
C(6)-C(7)                     1.510(9) 
C(7)-N(4)#6                   1.458(7) 
C(8)-C(9)#4                   1.506(9) 
C(9)-C(8)#6                   1.506(9) 
 
Cu(2)-Br(1)-Cu(3)            70.51(3) 
Cu(2)-Br(1)-Cu(4)            64.26(3) 
Cu(3)-Br(1)-Cu(4)            64.76(3) 
Cu(4)-Br(2)-Cu(2)            67.19(3) 
Cu(3)-Br(3)-Cu(4)            71.22(3) 
Cu(4)#1-Br(4)-Cu(3)         142.20(4) 
Cu(4)#1-Br(4)-Cu(2)         130.99(3) 
Cu(3)-Br(4)-Cu(2)            69.50(3) 
Cu(4)#1-Br(4)-Cu(1)          96.70(4) 
Cu(3)-Br(4)-Cu(1)           100.77(3) 
Cu(2)-Br(4)-Cu(1)           114.79(3) 
N(1)-Cu(1)-N(3)             156.90(18) 
N(1)-Cu(1)-Br(4)            103.18(12) 
N(3)-Cu(1)-Br(4)             99.57(13) 
N(2)-Cu(2)-Br(1)            122.00(11) 
N(2)-Cu(2)-Br(2)            107.48(11) 
Br(1)-Cu(2)-Br(2)           108.22(4) 
N(2)-Cu(2)-Br(4)            101.96(12) 
Br(1)-Cu(2)-Br(4)           108.55(3) 
Br(2)-Cu(2)-Br(4)           107.83(3) 
N(2)-Cu(2)-Cu(4)            156.69(12) 
Br(1)-Cu(2)-Cu(4)            60.26(3) 
Br(2)-Cu(2)-Cu(4)            54.81(3) 
Br(4)-Cu(2)-Cu(4)            98.44(3) 
N(2)-Cu(2)-Cu(3)            143.67(12) 
Br(1)-Cu(2)-Cu(3)            56.25(3) 
Br(2)-Cu(2)-Cu(3)           106.62(3) 
Br(4)-Cu(2)-Cu(3)            55.23(3) 
Cu(4)-Cu(2)-Cu(3)            59.00(3) 
N(4)-Cu(3)-Br(3)            127.20(12) 
N(4)-Cu(3)-Br(4)            107.90(13) 
Br(3)-Cu(3)-Br(4)           102.46(4) 
N(4)-Cu(3)-Br(1)            102.70(12) 
Br(3)-Cu(3)-Br(1)           109.30(4) 
Br(4)-Cu(3)-Br(1)           105.73(3) 
N(4)-Cu(3)-Cu(4)            152.74(14) 
Br(3)-Cu(3)-Cu(4)            54.94(3) 
Br(4)-Cu(3)-Cu(4)            96.77(3) 
Br(1)-Cu(3)-Cu(4)            58.31(3) 
N(4)-Cu(3)-Cu(2)            130.36(11) 
Br(3)-Cu(3)-Cu(2)           102.43(4) 
Br(4)-Cu(3)-Cu(2)            55.27(3) 
Br(1)-Cu(3)-Cu(2)            53.24(2) 
Cu(4)-Cu(3)-Cu(2)            56.78(3) 
Br(3)-Cu(4)-Br(2)           119.21(5) 
Br(3)-Cu(4)-Br(4)#2         104.01(4) 
Br(2)-Cu(4)-Br(4)#2         111.93(4) 
Br(3)-Cu(4)-Br(1)           106.98(4) 
Br(2)-Cu(4)-Br(1)           106.79(4) 
Br(4)#2-Cu(4)-Br(1)         107.32(4) 
Br(3)-Cu(4)-Cu(2)           107.81(4) 
Br(2)-Cu(4)-Cu(2)            58.00(3) 
Br(4)#2-Cu(4)-Cu(2)         147.16(4) 
Br(1)-Cu(4)-Cu(2)            55.48(3) 
Br(3)-Cu(4)-Cu(3)            53.84(3) 
Br(2)-Cu(4)-Cu(3)           113.88(4) 
Br(4)#2-Cu(4)-Cu(3)         134.14(5) 
Br(1)-Cu(4)-Cu(3)            56.93(3) 
 3 
Cu(2)-Cu(4)-Cu(3)            64.22(3) 
C(4)-N(1)-C(1)              109.1(4) 
C(4)-N(1)-Cu(1)             114.9(3) 
C(1)-N(1)-Cu(1)             112.7(3) 
C(3)-N(2)-C(2)#3            108.2(4) 
C(3)-N(2)-C(5)              108.3(5) 
C(2)#3-N(2)-C(5)            107.3(4) 
C(3)-N(2)-Cu(2)             114.0(3) 
C(2)#3-N(2)-Cu(2)           112.4(3) 
C(5)-N(2)-Cu(2)             106.3(3) 
C(9)-N(3)-C(6)              108.3(4) 
C(9)-N(3)-Cu(1)             114.6(4) 
C(6)-N(3)-Cu(1)             112.4(3) 
C(7)#4-N(4)-C(8)            109.5(4) 
C(7)#4-N(4)-C(10)           109.4(4) 
C(8)-N(4)-C(10)             108.2(5) 
C(7)#4-N(4)-Cu(3)           110.2(3) 
C(8)-N(4)-Cu(3)             114.0(3) 
C(10)-N(4)-Cu(3)            105.3(3) 
N(1)-C(1)-C(2)              112.4(5) 
N(2)#5-C(2)-C(1)            110.6(4) 
N(2)-C(3)-C(4)#3            110.6(4) 
N(1)-C(4)-C(3)#5            111.6(4) 
N(3)-C(6)-C(7)              109.7(5) 
N(4)#6-C(7)-C(6)            111.4(4) 
N(4)-C(8)-C(9)#4            112.1(5) 
N(3)-C(9)-C(8)#6            110.3(4) 
_____________________________________________________________ 
 
Symmetry transformations used to generate equivalent atoms: 
#1 x,y,z-1    #2 x,y,z+1    #3 -x+3/4,y-1/4,z+1/4 
#4 x+1/4,-y+1/4,z+1/4    #5 -x+3/4,y+1/4,z-1/4 
#6 x-1/4,-y+1/4,z-1/4 
 
Table 4.  Anisotropic displacement parameters (Å 2 x 103) for 13. 
The anisotropic displacement factor exponent takes the form: 
-2 pi2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 
 
_______________________________________________________________________ 
 
U11        U22        U33        U23        U13        U12 
_______________________________________________________________________ 
 
Br(1)    37(1)      37(1)      39(1)       1(1)      -1(1)      -2(1) 
Br(2)    41(1)      61(1)      36(1)       2(1)       6(1)       9(1) 
Br(3)   155(1)      32(1)      59(1)     -12(1)      60(1)     -16(1) 
Br(4)    44(1)      37(1)      29(1)       3(1)       1(1)       4(1) 
Cu(1)    48(1)      48(1)      76(1)       1(1)      18(1)      -6(1) 
Cu(2)    53(1)      45(1)      46(1)      -8(1)      -3(1)       1(1) 
Cu(3)    47(1)      55(1)      54(1)     -12(1)       8(1)       4(1) 
Cu(4)    65(1)      66(1)      45(1)      -2(1)       4(1)     -14(1) 
N(1)     45(2)      28(2)      47(3)      -2(2)      10(2)       2(2) 
N(2)     38(2)      32(2)      37(3)       4(2)      -2(2)      -1(2) 
N(3)     41(2)      41(2)      60(3)      14(2)       7(2)       5(2) 
N(4)     36(2)      34(2)      47(3)      -6(2)       9(2)       0(2) 
C(1)     50(3)      40(2)      46(3)       9(2)      -2(2)       6(2) 
C(2)     35(2)      50(3)      52(3)      16(3)      -5(3)       6(2) 
C(3)     55(3)      38(2)      32(3)       0(2)       1(2)      -4(2) 
C(4)     42(2)      41(2)      42(3)      -6(2)      -7(2)       0(2) 
 2 
C(5)     48(3)      52(3)      61(4)      13(3)     -19(3)       3(2) 
C(6)     42(3)      63(3)      47(3)     -11(3)       4(3)       1(2) 
C(7)     44(3)      32(2)      62(4)     -11(2)       1(3)       0(2) 
C(8)     47(3)      51(3)      42(3)      11(2)       6(2)       0(2) 
C(9)     45(2)      31(2)      70(4)      -6(3)      12(3)       1(2) 
C(10)    57(3)      65(3)      61(4)     -23(4)       5(3)      -2(2) 
_______________________________________________________________________ 
 
Table 5.  Hydrogen coordinates ( x 104) and isotropic 
displacement parameters (Å 2 x 103) for 13. 
 
________________________________________________________________ 
 
x             y             z           U(eq) 
________________________________________________________________ 
 
H(1)         3992          1646          2041          48 
H(3)         2935          1195          6109          57 
H(1A)        4215          1753          5225          54 
H(1B)        3945          2098          5315          54 
H(2A)        4600          2270          4583          54 
H(2B)        4610          2012          2683          54 
H(3A)        3578           -16          2212          50 
H(3B)        3306          -362          2254          50 
H(4A)        3518          2241          2303          50 
H(4B)        3527          1978           428          50 
H(5A)        2972           308          2698          81 
H(5B)        2727           272          4729          81 
H(5C)        2708           -35          3086          81 
H(6A)        2861          1785          6991          61 
H(6B)        2447          1592          6673          61 
H(7A)        2455          2146          4936          55 
H(7B)        2829          2020          3671          55 
H(8A)        4822          1164          3522          56 
H(8B)        5245           982          3696          56 
H(9A)        2383          1102          4300          59 
H(9B)        2753           979          2990          59 
H(10A)       5013           386          3087          91 
H(10B)       4606           574          2550          91 
H(10C)       4615           254          4114          91 
________________________________________________________________ 
  
 
 
